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Abstract 
 
Nanotubes (inner diameter of 8nm and outer diameter of 10nm with a 
length of up to several hundred nm) and nanowires (diameter 20 –50nm 
and up to several μm in length) of TiO2-B have been synthesised and 
characterised for the first time.  These exhibit excellent properties as a 
host for lithium intercalation and are able to accommodate lithium up to a 
composition of Li0.98TiO2-B for the nanotubes and Li0.89TiO2-B for the 
nanowires.  Following some irreversible capacity on the first cycle, which 
could be reduced to 4% for the nanowires, capacity retention for the 
nanowires is 99.9% and for the nanotubes is 99.5% per cycle.  In both 
cases, the cycling occurs at ~1.6V versus lithium.  The cycling 
performance was compared with other forms of bulk and nano TiO2, all 
of which were able to intercalate less lithium.  
 
Nanowires of VO2-B (50 – 100nm in diameter and up to several μm in 
length) were synthesised by a hydrothermal reaction and characterised.  
By reducing the pressure inside the hydrothermal bomb, narrower VO2-B 
nanowires with a diameter of 2 – 5nm and length of up to several hundred 
nm were created - some of the narrowest nanowires ever made by a 
hydrothermal reaction. These materials are isostructural with TiO2-B and 
were also found to perform well in rechargeable lithium ion batteries, 
being able to intercalate 0.84Li for the ultra-thin nanowires and 0.57Li 
for the standard nanowires. The standard VO2-B nanowires have a 
capacity retention of 99.8% and the ultra-thin nanowires have 98.4% per 
cycle after some irreversible capacity on the first cycle.  This was found 
to improve markedly when different electrolytes were used. 
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Macroporous Co3O4 (pore size 400nm with a surface area of 208m2/g) 
was prepared and cycled in rechargeable lithium cells with capacities of 
1500mAh/g being achieved.  The structure was found to break down on 
the first cycle and after this the material behaved in the manner of Co3O4 
nanoparticles. 
 
Finally a new candidate for next generation rechargeable lithium batteries 
was examined; Li/O2 cells.  The cathode is composed of porous carbon in 
which Li+, e- and O2 meet to form Li2O2 on discharge.  The reaction is 
reversible on charge.  Capacities of 2800mAh/g can be achieved when 
5%mole of αMnO2 nanowires catalyst is used.  Fade is high at 3.4% per 
cycle meaning that there is much work to do to develop these into a 
commercial prospect. 
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Chapter 1 - Nano-Materials and Rechargeable 
Lithium Batteries 
 
One of the major challenges facing the world today is the supply and 
storage of energy.  Climate change caused by global warming is now 
almost universally accepted as the greatest threat to humanity in the 21st 
century.  Part of the solution may be rechargeable lithium ion batteries.  
These devices provide a high energy density and have resulted in a huge 
size reduction of hand held electronic devices (laptops, mobiles, etc).  If 
their power capabilities can be improved then they could act as ‘green’ 
energy stores in devices such as hybrid vehicles. This literature review 
will give a brief overview of rechargeable lithium battery developments, 
focussing in particular on inorganic nano and porous materials, the 
subject of this thesis.   
 
Figure. 1.1 – Picture of the Mars Explorer robot; powered by lithium batteries. 
 
1.1 – Overview of Lithium Batteries 
 
Sony introduced rechargeable lithium batteries commercially in 1990.  
Today, they can be found powering appliances from artificial hearts to 
military radios.  These cells even powered the recent Mars Explorer, 
figure 1.1, which successfully investigated the surface of the red planet.   
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The rechargeable lithium ion battery has not changed significantly since 
its introduction in 1990.  The motivation for the development of lithium 
batteries was that lithium is the most electropositive and lightest metal.  
This allowed the possibility of very lightweight cells with a high energy 
density.  Primary cells were first used in watches and other consumer 
goods in the 1970s1.  Exxon developed the first reversible cells; they used 
TiS2 as a positive electrode and lithium as the negative.  These cells had 
disadvantages that included an explosion hazard due to lithium dendrite 
growth2.   The first commercial cells were known as ‘rocking chair’ cells 
due to the constant forward and back motion of the lithium ionsii.  They 
represented a huge advance for energy storage devices, exhibiting more 
than twice the energy of conventional rechargeable batteries. These cells 
are constructed in the discharged state and then are charged before use.  
They work by having two intercalation electrodes; an anode (negative 
electrode) of graphite and a cathode (positive electrode) of LiCoO2 and a 
plastic separator soaked in an electrolyte. On charging, lithium ions are 
removed from LiCoO2 and pass thought the electrolyte and are inserted 
between the carbon layers in the graphite.  Discharging reverses this 
process3, as can be seen in figure 1.2.  The relevant number of electrons 
going around the external circuit balances the charge. These cells have an 
average potential of 3.6V, which is thrice that of the normal nickel 
cadmium battery, thus allowing fewer cells to be used for electronic 
devices and facilitating more portable appliances4. Since this beginning, 
lithium ion cells have become almost universal, with billions being sold 
every year5.   
 
                                                 
11 H. Ikeda, T. Saito and H. Tamura, Process of Manganese Dioxide Symposium, 1975, 1, 1. 
2 B. Rao, R. Francis and H. Christopher, Journal of the Electrochemical Society, 1977, 124, 1490.  
3 P. Bruce, Chemical Communication, 1997, 1817. 
4 K. Ozawa, Solid State Ionics, 1994, 69, 212. 
5 C. Vincent and B. Scorsati, Modern Batteries, 106. 
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Figure 1.2 - Diagrammatic form of a lithium ion battery on discharge together with a photo of commercial lithium ion batteries 
 
1.2 – Electrolytes for Rechargeable Lithium Batteries 
 
Lithium batteries have three main components. Considered first is the 
electrolyte.  In an ideal electrolyte, several things are required over the 
operating range of –20 to 50°C.  These include high mobility for lithium 
ions, good chemical and thermal stability, a non-harmful environmental 
effect and no side-reactions with the electrodes6.  The electrolyte in most 
common use is composed of lithium salts dissolved in an organic solvent. 
The most common electrolyte is LiPF6 dissolved in ethylene carbonate 
and dimethyl carbonate (EC/DMC).  This system has several drawbacks 
including the reaction with trace amounts of water to form HF, which 
often dissolves the electrodes7.  The high melting EC is responsible for 
poor performance at lower temperatures and LiPF6 is thermally unstable, 
resulting in lower performance at higher temperatures.  Many electrolyte 
salts have been examined to address these difficulties. One that has 
received much interest is lithium bis(oxalato)borate in EC/DMC. Several 
problems exist including low solubility; lower ionic conductivity than 
                                                 
6 C. Vincent and B. Scrosati, Modern Batteries, 198. 
7 P. Bruce Solid State Electrochemistry. 
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LiPF6 based electrolytes8. Difficulties in obtaining the pure salt have also 
led to this material not being used commercially to date.  Recently, ionic 
liquids have been examined due to their low volatility, high flash point 
and hence superior safety, but, so far, cost and reaction with the 
electrodes is a problem9.  
 
The problems with liquid electrolytes have led the drive to develop a true 
solid, ceramic or polymer electrolyte.  Ceramics introduce the problems 
of ceramic/ceramic interfaces at the electrolytes which can lead to 
cracking during discharge and poor conductivity. Polymer electrolytes, on 
the other hand, are soft solids and have good interfaces and have the 
advantage of allowing batteries to be made into any size or shape.  They 
stop any possibility of leaks and are safer than traditional liquid 
electrolytes. The original material was amorphous. However, it has 
recently been shown that some crystalline polymer electrolytes also 
exhibit high conduction at room temperature. This conduction is caused 
by ion transport through the mobility of the cations, rather than both ions 
moving as in amorphous polymers. Adding impurities and thus 
redistributing the ions in the material, can improve conduction in these 
systems10.  One such is crystalline PEO6:LiAsF611, as can be seen in figure 
1.3. This has led to research aimed at obtaining plastic crystal polymer 
electrolytes, which, it is felt, are the way forward.  Although true solid 
polymer electrolytes are not yet used, gel electrolytes, composed of a 
liquid electrolyte trapped in a polymer matrix are in use.  However, these 
suffer many of the disadvantages of liquid electrolytes.  Another class of 
material that is currently being investigated relates to crystalline polymer 
                                                 
8 K. Xu, S. Zhang, U. Lee, J. allen and T. Jow, Journal of Power Sources, 2005, 33(10), 1366. 
9 A. Diaw, A. Chagnes, B. Carre, P. Willmann and D. Lemordant, Journal of Power Sources,  2005, 
146(1-2), 682. 
10 N. Sata, K. Eberman , K. Eberl and J. Maier, Nature, 21 Dec. 2000, 408, 946.  
11 Z. Gadjourova, Y. Andreev, D. Tunstall and P. Bruce, Nature, 2 Aug. 2001, 412, 520. 
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electrolytes as plastic crystals.  The development of these materials as 
electrolytes is still in its infancy. 
 
 
 
 
 
 
 
 
 
Figure 1.3 – Structure of the conducting crystalline polymer PEO6:LiAsF6. 
 
1.3 – Anode Material for Rechargeable Lithium Batteries 
 
In present rechargeable lithium cells graphite is used as the anode 
material.  It can give 370mAh/g compared to 3600mAh/g for lithium, but 
the problems of reactive dendrites, plating/stripping of lithium and 
possible reaction with the atmosphere if the cell is damaged, make the use 
of lithium undesirable.  On charging, lithium is intercalated into graphite 
at less than 100mV ensuring a high overall potential.  However, this is 
also a significant disadvantage because there is proximity to the Li+/Li 
potential, which means there is a danger of plating lithium on graphite. 
Graphite can also be exfoliated by Li+ as its associated solvent sheath 
enters the sheets during charging.  In fact, lithium ion batteries only work 
because the CLix reacts with the electrolyte to form a solid electrolyte 
interface (SEI) layer.  Composed of lithium carbonate and several organic 
lithium salts, the layer allows lithium ions to be transferred between the 
electrode and the electrolyte: while avoiding exfoliation.  The SEI layer 
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consumes charge during its formation and hence is a ‘necessary evil’ to 
permit the use of graphiteiii. A variety of processes such as pyrolytic 
processing and milling are being employed on certain carbons, making 
them capable of reaching reversible capacities of up to 450mAh/g12. 
However, the problems of possible lithium plating and exfoliation of the 
graphite layer and SEI layer formation means that other materials are 
being examined as potential replacements.  
 
There are a great number of materials that have been examined as 
possible materials for the negative electrode in rechargeable lithium 
batteries. They can belong to different categories, including intercalation, 
alloy formation and displacement reactions13.  Considering first 
intercalation, a number of transition metal nitrides have been examined 
including Li3-xCoxN.  This material has a larger discharge capacity than 
graphite, but it is air sensitive14, leading to processing problems.  A 
variety of transition metal oxides have been examined with a range of 
success.  The most common are vanadium and especially titanium oxides.  
The most studied is Li4Ti5O12, a defect spinel (Li[Li0.33Ti1.66]O2), into 
which three lithiums per Li4Ti5O12 may be reversibly inserted15.  Other 
materials investigated as intercalation anodes include LiFeSnO416 
amongst many others. An important effect of moving the potential higher 
is that nano-particular anodes may be used, thus increasing the rate 
capability and often the capacity of the material17.  
 
                                                 
12 D. Aurbach, Journal of Power Sources, 2000, 89(2), 206. 
13 M. Winter, J. Besenhard, M. Spahr and P. Novak, Advanced Materials, 1998, 10, 725. 
14Y. Takeda, M. Nishijima, M. Yamahata, K. Takeda, N. Imanishi and O. Yamamoto, Solid State 
Ionics, 2000, 130, 61.  
15 T. Ohzuku, A. Ueda and N. Yamamoto, Journal of the Electrochemical Society, 1995, 142, 1431. 
16 M. Kishore, U. Varadaraju and B. Raveau, Journal of Solid State Chemistry, 2004, 177(11),  
17 M. Winter and J. Besenhard, Electrochemic Acta, 1999, 45, 31. 
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The second option is that of using alloys.  These work by having the 
lithium react with the other elements that are present to form an alloy. 
This offers a much greater potential capacity than that of the carbon based 
electrodes. The most common materials that have been examined for this 
process are tin oxides.  Capacities of over 1000mAh/g are achieved and 
the voltage is generally 1.5V versus lithium.  Such a voltage avoids 
reaction with the electrolyte and provides a large buffer before lithium 
plating. These materials work by first reducing the tin oxide to tin metal 
and oxidising lithium to Li2O.  Once this has happened then the tin metal 
can alloy reversibly with lithium to give large capacities.  There are 
several problems with these materials.  The first is that of an irreversible 
capacity on the first cycle due to the reduction of the tin oxide and the 
second is the presence of non-reacting materials such as Li2O, which 
lowers the capacity18. The realisation that irreversible capacity loss on the 
first cycle is due to oxide formation led to the direct use of metals, such 
as tin, iron and manganese.19  The final problem that these materials have 
is a large volume expansion during cycling, which results in significant 
fade over time.  Fujifilm have developed an electrode based upon 
nanoparticles inside a matrix that would appear to be more able to cope 
with the changes in volumeii.   
 
There has also been considerable interest in anode materials that work 
through processes other than those discussed above. One of the most 
noticeable recent additions to this field was the development by Tarascon 
of several copper vanadates that work via a copper extrusion process20.  
Even more surprisingly, this process can be conducted reversibly.  This 
was shown by the cycling of Cu2.33V4O11.  Copper dendrites, on lithium 
                                                 
18 B. Scrosati, Electrochemica Acta, 2000, 45, 2461. 
19 A. Arico, P. Bruce, B. Scrosati, J. Tarascon and W. Schalkwijk, Nature Materials, 2005, 4, 366. 
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intercalation, could be seen by TEM in figure 1.4.  It is thought that the 
lithium ions occupy the sites in between the V4O11 layers occupied by the 
copper ions, which are more mobile after having been reduced from 2+ to 
1+.  These could then be extracted to give the copper dendrites, without 
significant change to the structure.  The material exhibited a capacity of 
270mAh/g20.  It has proved difficult to find other compounds that act 
similarly, except for a silver vanadate.  
 
A similar displacement process has also been investigated showing that 
transition metal oxide nanoscale powders can reversibly form lithium 
oxide nanoparticles without any significant fade occurring during cycling.  
It has been shown by Tarascon21 that lithium can react usefully with 
transition metal oxides (e.g. Co3O4 + Li → Li2O + Co).  On reaction, 
particles of nanoscale cobalt metal form in a Li2O matrix.  On lithium 
extraction, CoO and lithium metal are formed and the system does not 
return to Co3O4.  Reversible capacities of 1000mAh/g are possible.  It has 
also been shown that a polymer layer forms on the electrode and that this 
is also reversible.  Other metal oxide powders have also been shown to 
exhibit this behaviour, as have various metal fluorides22.  
                                                 
20 M. Morcrette, P. Rozier, L. Dupont, E. Mugnier, L. Sannier, J. Gray and J. Tarascon, Nature 
Materials, 2003, 2, 755. 
21 P. Poizot, S. Laurelle, S. Grugeon, L. Dupont and J. Tarascon, Nature, 2000, 407, 496. 
22 H. Li, G. Richter and J. Maier, Advanced Materials, 2003, 15(9), 736. 
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Fig. 1.4 – TEM picture of Cu dendrite created through cycling of Cu2.33V4O11 
 
1.4 – Cathode Material for Rechargeable Lithium Batteries 
 
An ideal cathode will have a voltage of above 3V in comparison to that of 
lithium metal (Li+/Li).  Electrodes of this type work generally through the 
process of intercalation and, in conventional commercial cells, the 
cathode is a compound that starts in the discharged state, i.e. with lithium 
ions intercalated inside the structure. These ions are then repeatedly 
removed and inserted as the cell cycles.  The most common cathode, at 
present, is LiCoO2, which has layers of CoO6 octahedra with the lithium 
ions in between23, as can be seen in figure 1.5.  Alternate sheets of 
octahedral sites are occupied by the transition metal and lithium ions.   
The extraction of lithium is easily performed in electrochemical cells with 
cobalt being oxidised from 3+ to 4+. There are several problems 
associated with LiCoO2, which make it desirable to replace it with 
another material that is more environmentally friendly, but yet has equal 
or better performance.  LiNiO2 has the same structure as LiCoO2 and is 
cheaper. Unfortunately, it also has problems with cyclability due to 
disorder caused by lithium and nickel exchange between the layers and 
                                                 
23 R. Armstrong and A. Robertson, Chemistry in Britain, Feb. 2002, 38. 
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safety concerns due to rapid removal of oxygen at elevated temperatures 
and higher charge24.  Doping of this material has been examined with 
some encouraging results, including partial substitution of this material 
with aluminium, which has given encouraging performance25. 
 
LiNi0.8Co0.2O2 has been examined as it gives the best performance of the 
Li(Ni1-xCox)O2 solid solutions.  However, safety remains an issue in these 
solid solutions although they give high capacities of around 180mAh/g26.  
LiNi0.5Co0.5O2 can deliver a capacity of 150mAh/g and is more stable 
than most Li(Ni1-xCox)O2 solid solutions and thus may be suitable for 
applications requiring a long lifetime from the battery27.  Manganese or 
iron oxides would be attractive, being cheap and safe, but the pure 
materials suffer from structural change.  Layered materials, such as 
Li(Co0.33Mn0.33Ni0.33)O2 and Li(Mn0.5Ni0.5)O2, are receiving much 
attention.  Li(Mn0.5Ni0.5)O2 has been shown to have a discharge capacity 
of around 200mAh/g with no obvious loss of capacity until at least thirty 
cycles are over28.  However, it suffers from structural disorder with 
manganese in the lithium layers after cycling. LiNi0.33Mn0.33Co0.33O2 has 
been found to have discharge capacities of up to 160mAh/g (at C rate, 
when defined as 200mAh/g up to 4.2V upper cut-off voltage) and very 
little fade during cycling29.   This and other materials of the form Li(M0.5-
xMn0.5-xCox)O2 are expected to be used in the next generation of lithium 
batteries such as the MEXILION by Sony, due to the lower cost and 
slightly higher capacities.  
 
                                                 
24 T. Amriou, A. Sayede, B. Khelifa, C. Mathieu, H. Aourag, Journal of Power Sources, 2004, 130(1-
2), 213. 
25 T. Ohzuku, A. Ueda and M. Kouguchi, Journal of the Electrochemical Society, 1995, 142, 4033. 
26 J. Ying, C. Wan, C. Jiang and Y. Li, Journal of Power Sources, 2001, 99, 78. 
27 I. Belharouak, H. Tsukamoto and K. Amine, Journal of Power Sources, 2003, 119, 175. 
28 Y. Makimura and T. Ohzuku, Journal of Power Sources, 2003, 119, 156. 
29 N.Yabuuchi and T. Ohzuku, Journal of Power Sources, 2003, 119-121, 171. 
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The spinel LiMn2O4 and other solid solutions (e.g. Li(Li0.1Mn1.9)O2) are 
attractive because of their lower cost, lower toxicity and better safety. 
Recent interest has been due to their superior rate capability compared to 
the layered materials, making them the best available choice for high-
powered systems30. The main problems with the spinels are their lower 
capacity (~120mAh/g) and dissolution in the electrolyte at 85°C31. 
 
Several years ago, a new class of cathodes based on oxyanions was 
introduced by Goodenough32. The most promising is LiFePO4, with the 
olivine structure. It is cheap, safe and the voltage is 3.5V versus lithium.  
The synthesis requires reducing conditions to ensure no Fe3+ is present.  
This and the phosphate groups results in poor intrinsic conductivity.  The 
performance can be improved by making nanoparticles and by coating 
with the appropriate carbon33 and significant efforts are being made to 
commercialise the material34.  LISICON materials, such as Li2FeSiO4, are 
a new class of oxyanion materials, with a capacity of 165mAh/g on the 
first cycle being reported.  Capacity is stable after a phase transition on 
the first cycle35, but again, the electronic conductivity is low and hence 
rate performance is poor. 
                                                 
30 C. Fonseca and S. Neves, Journal of Power Sources, 2004, 135 (1-2), 249. 
31 Y. Shin and A. Manthiram, Journal of the Electrochemical  Society, 2004, 151(2), A204. 
32 A. Padhi, K. Nanjundaswamy and J. Goodenough, Journal of the Electrochemical Society, 1997, 144 
(4), 1188. 
33 R. Dominko, M. Bele, M. Gaberscek, M. Remskar, D. Hanzel, S. Pejovnik and J. Jamnik, Journal of 
the Electrochemical Society, 2005, 152(3), A607.  
34 S. Yang, Y. Song, K. Ngala, P. Zavalij and M. Whittingham, Journal of Power Sources, 2003, 119, 
239. 
35 A. Nyten, A. Abouimrane, M. Armand, T. Gustafson and J. Thomas, Electrochemical 
Communications, 2005, 7, 156. 
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Figure 1.5 - Structure of Lithium Cobalt Oxide 
 
1.5 – Overview of Nano-Materials 
 
Nanomaterials with at least one dimension in the nanoscale are not new; 
Faraday discovered colloidal gold over 150 years ago. The field achieved 
a new level of interest following the discovery of the first, carbon 
nanotube by Iijima in 199136.   He was the first to call these structures 
nanotubes, thus introducing this area of science. Since 1991 many 
inorganic nanomaterials have been discovered. 
 
Nanomaterials can be classified into four forms according to the number 
of dimensions that are not in the nanoscale. Nanoparticles are 0D, 
nanowires and nanotubes are examples of 1D nanomaterials, and 
nanosheets are examples of 2D nanoparticles.  Mesoporous materials that 
are made from nanoparticles would be examples of 3D materials.  
Nanomaterials are of considerable interest because their reduced 
dimensions often amplify the properties of the bulk materials.  A 
description of some of the existing materials is given below. 
                                                 
36 S. Iijima, Nature, 1991, 354. 
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1.6 – Nanoparticles 
 
Nanoparticles are by far the most common of all nanomaterials.  Some 
materials may be reduced to the nanoscale by milling, but this can induce 
sheers, phase changes or reactions.  Many more elegant opportunities for 
the preparation of nanomaterials have been developed including low 
temperature, sol-gel methods, electrospray and hydrothermal synthesis. 
Such nanoparticles have a high surface area, typically 40 – 100m2/g, and 
they have a large range of applications such as in gas sensors, where the 
larger surface area gives a higher sensitivity and thus a lower detection 
limit37.   
 
1.7 - Nanotubes 
 
 
 
Figure 1.6. Tube and Scroll Nanotubes 
Boron nitride nanotubes were first synthesised soon after the carbon 
nanotubes due to the isoelectronic nature of the boron-nitrogen bond to 
                                                 
37 M. Franke, T. Koplin and U. Simon, Small, 2006, 2(1), 36. 
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the carbon-to-carbon bond38. These nanotubes are formed with the same 
characteristic hexagonal building unit that is present in the carbon 
nanotubes.  This was first predicted using modelling techniques in 199439 
before the scroll like tubes were first synthesised in 199540.  
 
The first inorganic nanotube was MoS2 and was initially discovered just a 
year later than carbon nanotubes by Tenne and his group41. These are a 
form of the dichalogenides. Inorganic nanotubes can exist in one of two 
forms: the first is that of a continuous tube, which is formed when the 
sides join together, like the carbon nanotubes42.  The second, and more 
common type, is the scroll, which is formed when layers of the material 
roll up to give higher stability. The layers of these materials are unstable, 
thus initiating the scroll formation as a way of stabilising the compounds.  
MoS2 nanotubes can be made by laser ablation, by arc discharge or even 
by electron bombardment43. The most effective and most common 
process would appear to be the reduction of the metal oxide in the 
presence of hydrogen sulphide at high temperatures44.  Another common 
method is by the decomposition of the trisulphide or triselenide in a 
hydrogen atmosphere45.  All these preparation methods produce 
nanotubes that may have many uses. 
 
More recently, interest in oxide nanotubes has also increased rapidly.  To 
date, nanotubes of vanadium, silicon, aluminium, magnesium, titanium 
                                                 
38 C. Rao and M. Nath, Dalton Transactions, 2003, 1. 
39 M. Cohen, Solid state Communications, 1994, 92, 45. 
40 N. Chopra, R. Luyken, K. Cherrey, V. Crespi, M. Cohen, S. Louie and A. Zettl, Science, 1995, 269, 
966. 
41 R. Tene, L. Margulis, M. Genut and G. Hodes, Nature, 1992, 360, 444. 
42 P. Ajayan, Chemistry Reviews, 1999, 99, 1787. 
43 M. Hershfinkel, L. Gheber, V. Voglterrea, J. Hutchison, L. Margulis and R. Tenne, Journal of the 
American Chemical Scoiety, 1994, 121, 8234. 
44 R. Tenne, L. Margulis, M. Genut and G. Hodes, Nature, 1992, 360, 444. 
45 M. Nath, A. Govindaraj and C. Rao, Advanced Materials, 2001, 13, 283. 
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and tungsten oxides have been produced amongst many others46.  
Different methods are used for the synthesis including; templates, sol-gel 
and hydrothermal methods.  Given below is a more detailed account of 
some of those that have been made. 
 
This group includes nanotubes of V2O5, which has two sheets of VO5 
pyramids pointing in opposite directions and connected by VO4 
tetrahedra47, as seen in figure 1.7.  V2O5 nanotubes were one of the 
earliest oxide nanotubes to be synthesised. They have been prepared by 
two methods, the first being the use of a conventional template48. This is 
generally achieved by coating the internal surface of carbon nanotubes 
with the metal oxide and then heating to remove the carbon template.  
The second involves using a ‘soft-chemistry’ synthesis with amines as an 
agent directing the morphology of the resulting material49.  Most of the 
nanotubes produced by synthetic means are open-ended and have a scroll 
like morphology.  These nanotubes can also be produced by hydrothermal 
means quickly and cheaply50. 
                                                 
46 G. Patzke, F. Krumeich and R. Nesper, Angewandte Chemie International Edition,2002, 41, 2446.  
47 G. Patzke, F. Krumeich and R. Nesper, Angewandte Chemie International Edition,2002, 41, 2446.  
48 P. Ajayan, O. Stephen, P. Redlich and C. Colliex, Nature, 1995, 375, 564. 
49 M. Spahr, P. Bitterli, R. Nesper, F. Muller, F. Krumleich and H. Nissen, Angewandte Chemie, 1998, 
37, 1263. 
50 F. Krumeich, H. Muhr, M. niederberger, F. Bieri, B. Schnyder and R. Nesper, Journal of the 
American Chemical Society, 1999, 121, 8324. 
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Figure 1.7 - Structure of V2O5 
 
Carbon nanotubes have been used as templates in order to form several 
other metal oxide nanotubes.  A similar process to that given above has 
also been used to make zirconium nanotubes51 as well as molybdenum 
oxide nanotubes52. There would appear to be no reason why this method 
could not be applied to make most metal oxides. 
 
Al2O3 nanotubes have been prepared by electrochemical methods.  This 
involves anodisation of an aluminium film on a silica substrate.  This 
results in the growth of individual aluminium oxide nanotubes from the 
film.  This method produced true tubular structures with an inner 
diameter of 12nm and up to 650nm in length53.  Several metal nanotube 
arrays have also been produced in this way.  This method opens the 
possibility of the production of a great number of nanomaterials through 
an electrochemical route. 
 
                                                 
51 C. Rao, B. Satishkumar and A. Govindaraj, Chemical Communications, 1997, 1581. 
52 B. Satishkumar, A. Govindaraj, M. Vogl, L. Basumallick and C. Rao, Journal of Materials Research, 
1997, 12(3), 604. 
53 L. Pu, X. Bao, J. Zou and D. Feng, Angewandte Chemie International Edition, 2001, 40(8), 1490. 
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Nanotubes of complicated oxides, e.g. perovskites, have also been 
synthesised.  Lead and barium titanate have been prepared from a 
solution of metal acetate in titanium isopropoxide and then coating onto 
an anodic aluminium grid, thus using this as a hard template54.  This 
mixture was then calcined at high temperature to form the perovskite, 
before dissolving the template away in concentrated sodium hydroxide.  
This method produces aligned nanotubes of considerable length (up to 
500nm is not uncommon), but with a larger diameter.  These compounds 
are of considerable interest due to their ferroelectric properties. A similar 
method has also been used to make indium and gallium oxide 
nanotubes55.  Anodic aluminium oxide membranes have also been used as 
a template to produce copper oxide nanotubes.  However, in this instance 
chemical vapour deposition was used to deposit the copper oxide film.  
This produced a freestanding array of nanotubes with a diameter of 
around 200nm56.   
 
Titanium dioxide nanotubes are of great interest.  These materials were 
first reported by Kasuga and his group in 199857 and were synthesised by 
a simple hydrothermal method.  Initially these nanowires were thought to 
have anatase crystal structure. However, further work has shown them to 
be hydrogen titanates58.  Nanotubes with anatase and rutile structure have 
since been produced by small variations on the synthesis59.  Recently 
Peng and his group have done studies to shown how the nanotubes are 
formed and conclude that titanate layers form, which peel off and form 
                                                 
54 B. Harnandez, K. Chang, E. Fisher and P. Dorhout, Chemistry of Materials, 2002, 14, 480.  
55 B. Cheng and E. Samulski, Journal of Materials Chemistry, 2001, 11, 2901. 
56 G. Malandrino, S. Finocchiaro, R. Nigro, C. Bongiorno, C. Spinnela and I. Fragla, Chemistry of 
Materials, 2004, 16(26), 5559. 
57 T. Kasuga, M. hiramatsu, A.Hoson, T.Sekino and K. Niihara, Langmuir, 1998, 14, 3160. 
58 Y. Suzuki and S. Yoshukawa, Journal of Materials Research, 2004, 19(4), 982. 
59 X. Gao, Y. Lan, H. Zhu, J. Liu, Y. Ge, F. Wu and D. Song, Electrochemistry and Solid State Letters, 
2005, 8, A26. 
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nanotubes due to hydrogen deficiency60, as can be seen in figure 1.8.  
This is possibly the first paper to show the formation mechanism of any 
of these nanomaterials.  These titanium dioxide nanotubes are thought to 
be of considerable commercial value and are being examined for use in 
many applications, including pigments, catalysts, solar cells and gas 
sensors. Much work has been done on these materials, as can be seen in 
later chapters. 
 
 
Fig. 1.8 – Diagram showing the formation mechanism of titanate nanotubes. 
 
Metal oxide nanotubes are a new and expanding field.  They have 
considerable potential for use in a great number of industrial applications 
from catalysis to pigments.  Many methods have been used to produce 
such materials, but, for commercialisation, materials must be synthesised 
cheaply and simply, probably by hydrothermal means, as these give high 
quality and high quantity of the material. 
 
 
 
                                                 
60 S. Zhang, L. Peng, Q. Chen, G. Du, G. Dawson and W. Zhou, Physical Review Letters, 2003, 
91(25), 256103. 
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1.8 - Nanowires 
 
Nanowires are solid cylinders and are similar in size to nanotubes.  As 
there is no need to create a hollow centre, they are easier and simpler to 
synthesise.  Given below are a few examples of metal oxide nanowires 
complete with some general rules as to their synthesis. 
 
Fig. 1.9 – SEM image of ZnO nanowires. 
 
The first, and perhaps most common of these is the vapour growth 
mechanism, where the nanowires are formed during a reaction between a 
gas and a solid. Other methods involve growth at a gas/liquid or 
liquid/solid interface. These interactions in specific situations prompt 
growth of nanowires instead of larger crystals61.  There are also several 
other mechanisms including oxide-assisted growth.  Metal nanoparticles 
are subjected to a laser ablation method and produce nanowires by having 
metal oxide vapour form on the metal nanoparticulate which then builds 
up in the same way as before to form the nanowires62. Carbothermal 
reactions can also be used to produce nanowires such as GaN63.  More 
common, however, are solution-based reactions.  This generally involves 
the use of a templating agent.  These involve soaking a hard or soft 
template with the desired morphology in a precursor solution.  The 
desired compound is then formed inside the pores, before the template is 
                                                 
61 Y. Wu and P. Yang, Journal of the American Chemical Society, 2001, 123, 3165. 
62 N. Wang, Y. Tang, Y. Zhang, C. Lee and S. Lee, Physical Review B, 1998, 54(24), R16024. 
63 C. Rao, F. Deepak, G. Gundiah and A. Govindaraj, Progress in Solid State Chemistry, 2003, 31, 5. 
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removed through heating or another method. This has become a very 
common and successful technique with nanowires of most metal oxides 
being able to be produced by this method. Elemental nanowires have 
been made by this method and by chemical vapour deposition and pulsed 
laser ablation, including copper, gallium, indium, molybdenum and zinc.  
As for other forms of nanowires, semiconductors, carbides, nitrides and 
dichalogenides have all been made using the above methods64.   
 
Hydrothermal synthesis has played an important part in the synthesis of 
nanowires.  A great number of nanowires have been produced in this 
way.  This includes various vanadium oxides65, several manganese 
oxides66 and ZnO67 nanowires.  A common theme in these syntheses is 
reduction of the metal ions inside the hydrothermal bomb to form seed 
crystals, which then grow into nanowires.   
 
Figure 1.10 - TEM picture of titanate nanowires 
 
1.9 - Nanosheets 
 
Nanosheets are an example of 2D nanoparticles and have a large surface 
area due to the paper–like morphology.  In general, these materials have 
one dimension of 50nm or less and the other two dimensions can vary 
                                                 
64 G. Patzke, F. Krumeich and R. Nesper, Angewandte Chemie International Edition,2002, 41, 2446. 
65 Z. Gui, R. Fan, W. Mo, X. Chen, L. Yang, S. Zhang, Y. Hu, Z. Wang and W. Fan, Chemistry of 
Materials, 2002, 14, 5053. 
66 X. chen, X. Li, Y. jiang, C. Shi and X. Li, Solid State Communications, 2005, 136(2), 94. 
67 M. Yang, G. Pang, L. Jiamg and S. Feng, Nanotechnology, 2006, 17, 206. 
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largely.  These materials are generally formed through the exfoliation of a 
layered material or by decomposition reactions.  A large number of 
materials can be found with this morphology, including TiO2, ZnO, 
Al2O3, NiO and MnO268.  These materials often are formed in an 
intermediate stage during the formation of nanotubes and nanowires. 
 
1.10 – Micro, Meso and Macro-Porous Materials 
 
The field of porous materials is huge and may be subdivided into several 
sections; microporous with pore size less than 2nm, mesoporous with a 
pore size of between 2 and 50nm and macroporous material with pores 
that are greater than 50nm in diameter69.  These porous materials are 
attractive as electrode materials for lithium batteries due to their very 
high surface area, which is due to the internal network of pores.  This 
should give high discharge capacities.  Otherwise, commercially these 
materials have a large number of uses including catalysis and as drug 
supports70. 
 
Zeolites were developed in the 1980s and are a well-known success story 
in the development of porous solids with small pores.  Zeolites and many 
other microporous and mesoporous materials can be made in a number of 
ways.  These include hydrothermal synthesis and the use of hard and soft 
templates.  Most materials can be made to have these morphologies and 
therefore these materials have a large commercial usage in applications as 
diverse as washing powder and electronic sensors71. 
                                                 
68 Y. Omomo, T. Sasaki, L. Wang and M. Watanabe, Journal of the American Chemical Society, 2003, 
125(12), 3568. 
69 K. Sing, D. Everett, R. Haul, L. Moscou, R. Pierotti, J. Rouquerol and T. Siemiemiewska, Pure 
Applied Chemistry, 1985, 57, 603. 
70 A. Taguchi and F. Schuth, Microporous and Mesoporous Materials, 2005, 77, 1.  
71 A. Stein, Advanced Materials, 2003, 15(10), 763. 
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In this thesis, the focus is on the synthesis of macroporous electrodes.  
The most common method of synthesis involves forming arrays of 
identically sized spheres of polystyrene, silica, gold or silver.  The 
particles are allowed to settle and then used as a scaffold around which 
the desired material can form.  Although all of the above particles 
mentioned can be used, polymers such as polystyrene and 
polymethylmethacrylate are the most common.  This is due to the ease 
with which spheres with differing average diameters can be produced 
thus allowing the pore size of the resultant material to be tuned to 
individual requirements.  Such compounds also have a relatively low 
melting point thus allowing the template to be removed easily72.  These 
compounds are much like natural opals, which have a three dimensional 
array with pores which are shiny due to having a cell constant of a 
comparable length to that of natural light73.  
 
Figure 1.11 - SEM image of a macroporous inverse opal.  
 
Although this field has been around for some time and materials such as 
macroporous carbon are no longer unique74, many inorganic materials 
have recently been made for the first time.  Andreas Stein and his group 
have been pioneers in this field.  They have reported the synthesis of 
many inorganic oxides, including SnO2, LiNiO275 and LiCoO276, amongst 
                                                 
72 Y. Xia, B. Gates, Y, Yin  and Y. Lu, Advanced Materials, 2000, 12(10), 693. 
73 J. Sanders, Acta Crystallographica, 1968, A24, 427. 
74 H. Take, H. Kajii and k. Yoshino, Synthetic Materials, 2001, 121(1-3), 1313. 
75 H. Yan, S. Sokolov, J. Lytle, A. Stein, F. Zhang and W. Smyrl, Journal of the Electrochemical 
Society, 2003, 150 (8), A1102. 
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others, by soaking a polystyrene template in a precursor solution and then 
heating to form the desired compound and to remove the template. These 
papers have led to many other materials being made, including that of the 
commercial cathode material of lithium manganese oxide77.   
 
1.11 – Nano-Materials for Use in Rechargeable Lithium Batteries 
 
Nanomaterials are becoming increasingly important in the storage of 
electrochemical energy and have several potential advantages and 
disadvantages associated with them.  Advantages include greater 
reactivity compared to the bulk material, shorter pathways for ionic and 
electronic conductance and better ability to deal with material expansion 
during cycling.  Disadvantages include more complicated synthesis, 
increased surface electrolyte interactions and low energy density78.  The 
advantages are such that higher capacity and less fade may be exhibited; 
therefore these materials have been investigated. 
   
Nanotubes of V2O5 made by Sakamoto and Dunn showed that the 
nanotube morphology gave high specific capacity and showed little fade 
during cycling79.  Nordlinger also looked at scroll V2O5 nanotubes, 
prepared by template synthesis.  They noted high specific capacity and 
that it corresponded to more than one electron being exchanged per 
vanadium atom.  However, the results obtained were found to be highly 
dependant upon the electrolyte used and also a significant drop in 
                                                                                                                                            
76 N. Ergang, J. Lytle, H. Yan and A. Stein, Journal of the Electrochemical Society, 2005, 152 (10), 
A1989.  
77 A. Eftekhari, Solid State Ionics, 2003, 161(1-2), 41. 
78 A. Arico, P. Bruce, B. Scrosati, J. Tarascon and W. Schalkwijk, Nature Materials, 2005, 4, 366. 
79 J. Sakamoto and B. Dunn, Journal of the Electrochemical Society, 2002, 149, A26. 
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capacity after one hundred cycles was noted80. Sider also tried several 
metal oxide nanotubes, all made by template synthesis using porous 
anodic aluminium and having diameters of around fifty nanometres.  
These all performed well with high capacities and little fade during 
cycling81.  Nanotubes of tin82 and nickel83 oxide have also been prepared 
and both of these materials show high capacity combined with little fade.  
However, both of these materials were prepared by a complicated 
template method, which makes it unlikely that they will ever be used 
commercially.  Nanotubes of LiNi0.8Co0.2O2 have also been prepared by a 
template synthesis84. These materials perform better than the 
corresponding bulk material in lithium cells and better than the 
corresponding nanoparticles, with higher capacity and less fade.  
Relatively few studies of nanowires have been undertaken, perhaps 
because of nanotubes and nanoparticles having a higher surface area than 
nanowires.  However, VO2 nanowires have been synthesised and can be 
shown to have higher capacity then the bulk material85.  Most of the 
studies of nano-electrodes have focussed on nanoparticles including 
Co3O486, TiO287, LiFePO488, MnO289 and Fe2O390. In general, these 
nanoparticles give a higher initial discharge capacity, but often produce 
greater fade as surface effects are greatly magnified.  
 
                                                 
80 S. Nordlinder, K. Edstrom and T. Gustafsson, Electrochemical and Solid-State Letters, 2001, 4(8), 
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83 S. Needham, G. Wang, H. Liu and L. yang, Journal of Nanoscience and Nanotechnology, 2006, 6(1), 
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86 Z. Fu, Y. Wang, Y. Zhang and Q. Qin, Solid State Ionics, 2004, 170(1-2), 105. 
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TiO2 materials are of great interest in this case as potential anode 
materials for lithium batteries. This is because they do not plate lithium 
and are not bothered by SEI layer formation. There are several 
polymorphs.  Most, including rutile and brookite, do not intercalate 
lithium. Anatase can act as a lithium host and has a maximum content of 
165mAh/g.  The method has been investigated and shows a two phase 
reaction occurring91.  Making anatase nanoparticles has also been shown 
to improve capacity compared to the bulk material and higher capacities 
can be reached92.  Li4Ti5O12 is being commercialised and can deliver 
capacities of up to 175mAh/g when cycled in rechargeable lithium ion 
cells93.  This material has also been prepared in nanowire morphology 
and is shown to increase performance.  TiO2-B is an open polymorph 
with a theoretical capacity of 330mAh/g94, which is higher than other 
TiO2 based materials and therefore work has focussed on this material. 
 
These results have prompted much study into the above materials as 
commercial prospects and work is being done to optimise the usage of 
these materials in ‘real-life’ batteries95 with the hope that the next 
generation of lithium cells is powered by nanomaterials.  Some of this is 
elaborated in the following chapters. 
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95 J. Christensen, V. Srinivasan and J. Newman, Journal of the Electrochemical Society, 2006, 153 (3), 
A560. 
 
 
 
 32
Chapter 2 – Techniques 
 
Characterisation of transition metal oxides of nano-dimensions requires 
the use of a battery of techniques to understand the shape, nanostructure, 
composition and electrochemical properties.  The techniques used are 
described below. 
 
2.1 – XRD 
 
X-rays were discovered in 1895 by Roentgen and since then they have 
been used for a wide variety of applications in medicine and elsewhere.  
X-rays are a form of electromagnetic radiation with a wavelength of the 
order 10-10m, which is similar to the distance between most atoms.  This 
makes them particularly useful in crystal structure determinationi. 
 
In most x-ray diffractometers, radiation is generated in an evacuated tube 
that contains a tungsten filament connected to a cathode.  The filament 
generates electrons, which are accelerated toward the anode (commonly 
copper metal).  When the electrons hit the anode, they penetrate the 
lowest energy levels of the atom, colliding and expelling the existing 
electrons.  When higher energy electrons fall back to fill lower energy 
levels, they emit x-rays.  These x-rays are then passed through a 
monochromator and targeted at the sample. 
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Figure 2.1- Diagrammatical explanation of Bragg’s law, showing the path of x-rays through a material. 
 
nλ = 2dsinθ 
Equation 2.1 – Bragg’s law. 
 
When the x-rays, hit the material, they are diffracted.  Von Laue was the 
first to recognise this process. The x-rays are diffracted from the sample 
according to Bragg’s law, equation 2.1, and in the manner shown in 
figure 2.1.  This states that, in order to obtain constructive interference, 
the difference between the path lengths of the beams diffracted from two 
adjacent lattice planes must be equal to an integer of the wavelength. 
Otherwise destructive interference is obtainedi. 
 
In powder x-ray diffraction, the x-rays hit a powder that will have 
randomly orientated crystals.  As a result, all sets of planes are able to 
diffract, resulting in a series of concentric cones.  These are separated out 
by the d-spacings between the planes and not by specific sets of planes 
(unlike crystal diffraction, where each set of planes gives rise to 
diffraction spot).  As a result of the degeneracy of sets of planes with the 
same d-spacing, it is difficult to extract detailed structural information 
from powder diffraction96. 
 
                                                 
96 P. Atkins and J. de Paula, Elements of Physical Chemistry, Oxford University Press, Oxford, 2005. 
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In this work, X-rays generated from copper and iron have been used.  
This is because in some cases, these metals produce radiation that has a 
similar wavelength to that required to excite electrons to higher energy 
states in the material under examination.  When this happens, 
fluorescence occurs, which results in a higher background count and thus 
lower peak to background ratio. 
 
Samples for powder X-ray diffraction were prepared by two methods. 
Firstly by placing a powder tightly and flatly into an aluminium holder 
and then collecting data in reflection mode (Philips Xpert system (CuKα 
= 1.5418Å)).  This was the preferred method for titanium samples, which 
would fluoresce with iron and copper sources.  No cobalt source was 
available, so the best approach was to use a copper source and an 
analysing monochromator to remove the fluorescence.  The advantage is 
that a primary beam monochromator can be used, which gives a higher 
resolution. The second method involved sandwiching a small amount of 
the material between two polystyrene disks and transmitting the X-rays 
through the sample in transmission mode.  This was done on STOE 
STADIP machines; one with an iron anode (FeKα = 1.936Å) and one 
with a copper anode, figure 2.2.  Data was collected using the Stoe 
analysis programme and then data compared using a fingerprint 
technique. 
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Figure 2.2 – Photograph of STOE STADIP. 
 
2.2 – Raman Spectroscopy 
 
Raman spectroscopy is also used as a finger print technique and is often 
useful as it can detect short order interactions. Laser light from the visible 
range of the spectrum impinges on the sample.  The photons are in-
elastically scattered.  There is a difference in energy between the incident 
light and the emitted light.  This difference, as shown in figure 2.3, is 
equal to the vibrations of molecules in the sample.  This energy is then 
focussed onto a detector, as shown in figure 2.4, and a Raman spectrum 
plot of the scattered light versus the energy difference is observed97. 
 
Figure 2.3 – Diagram showing Raman scattering. 
                                                 
97 A. Cheetham and P. Day, Solid State Chemistry Techniques, Clarendon Press, Oxford, 1988.  
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Figure 2.4 – Diagrammatical representation of Raman spectrometer. 
Samples were prepared by pressing a pellet (0.3cm diameter) of the 
material to be studied and then investigating on a Perkin-Elmer system 
2000 FT-IR Raman spectrometer with a diode pumped Nd:YAG laser 
(wavelength  = 1064nm). 
 
2.3 – TEM and Electron Diffraction 
 
Transmission electron microscopy (TEM) is a powerful tool with which 
to determine the morphology of solids. Electron diffraction can also be 
performed to examine the local crystal structure. 
 
Ruska and Knoll made the first electron microscope in 1931. This was a 
significant advance due to the high amount of local detail that can be 
seen.  The limit of resolution of a normal microscope is roughly 100nm, 
whereas for an electron microscope the theoretical maximum resolution is 
0.8Å. This is possible due to the short wavelength of electrons (at 200kV 
= 0.0251Å).  It is also one of the few methods that allows two-
dimensional information to be gathered. 
 
In a transmission electron microscope, a beam of electrons is generated 
from a tungsten wire, LaB6 crystal or by field emission.  This beam is 
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then accelerated up to high speed by passing it across a potential 
difference; here 200kV.  This beam is then focussed onto the sample.  
The sample is held on a holey carbon grid.  The remaining beam, that is 
not absorbed by the sample, is focussed onto a screen and an image is 
obtained, figure 2.5.  Electron diffraction is obtained in a similar manner. 
However, the beam is much more highly focussed onto a small area of the 
sample, which then diffracts the beam giving a diffraction pattern.  This is 
a Fourier transform of the image that would have been obtained98. 
Electron Gun
Anode
Condenser Lens
Specimen
Objective Lens
Diffraction Plane
Intermediate Image
Objective
Aperture
Projector Lens
Viewing Screen  
Figure 2.5 – Diagrammatical representation of the workings of an electron microscope.  
 
Samples are typically prepared by dispersing a small amount of the 
material in acetone, sonicating and then transferring this onto a holey 
carbon grid.  Importantly, as this is a transmission technique, samples up 
to several micrometers in length can be examined in detail. The sample 
was then examined using a JEOL JEM-2011FX microscope, shown in 
figure 2.6.  Many particles must be examined to ensure that the images 
are representative of the powder as a whole. 
                                                 
98 W. Zhou, Practical SEM and TEM, St. Andrews, 2004. 
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Figure 2.6 – Photograph of JEOL JEM-2011FX microscope. 
 
2.4 – SEM and EDX 
 
Scanning electron microscopy (SEM) is a complementary technique to 
TEM to examine the morphology of samples.  This has a lower maximum 
magnification so is often used to determine overall morphology of a 
sample.  Energy dispersive x-ray spectroscopy (EDX) can be combined 
with both SEM and TEM to provide the local chemical composition of a 
material. 
 
In SEM, a beam of electrons is again generated from a tungsten wire 
filament or a field emission gun. The beam of electrons is then 
accelerated to high speed by passing it across a potential difference 
(30kV) and is then focussed upon the sample.  This causes radiation in 
the form of secondary electrons to be emitted.  The radiation is then 
focussed onto a detector and shown as a two-dimensional image. A 
diagram of a scanning electron microscope is shown in figure 2.7iii. 
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Figure 2.7 – Diagram of the working of a scanning electron microscope.  
 
With EDX, the electrons ejected from the core energy levels by the 
incident electron beam permit higher energy electrons to drop down to 
the core energy levels thus emitting X-ray radiation, figure 2.8.   The 
resultant radiation is representative of the atoms present and therefore the 
location and quantity of the element in the sample can be determinediii. 
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Figure 2.8 – Diagram showing the generation of x-rays. 
 
Samples are prepared by using sticky fixers to attach a small amount of 
sample onto a copper stud. In the case of non-conducting samples, these 
must be sputtered with gold to obtain a conducting layer on top of the 
sample, therefore avoiding sample charging and thus improving the 
image.  Samples were examined with SEM and EDX using a JEOL JSM-
5600 scanning electron microscope with a resolution of up to 3.5nm, 
figure 2.9. 
 
Figure 2.9 – Photograph of a JEOL JSM-5600 scanning electron microscope. 
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2.5 – TGA-MS 
 
Thermo-gravimetric analysis combined with mass spectrometry (TGA-
MS) is a powerful tool with which to study the thermal decomposition of 
materials, providing information about the chemical composition of the 
gases emitted at the temperature at which the decomposition occurs.  A 
powder sample is located on an accurate balance and is subjected to 
heating at a specified rate.  Weight loss versus temperature is recorded 
and the gasses emitted are analysed insitu by a mass spectrometer. 
 
In this case, samples were run as a powder.  They were run on a Netzch 
STA 449C machine with an argon atmosphere, because the system is 
sealed, specific heat capacity can also be measured versus temperature.  
 
2.6 – BET 
 
The Brunauer-Emmett-Teller (BET) method was used to obtain 
information on the surface area of the materials.  This uses nitrogen 
absorption from liquid nitrogen to obtain data from which the surface 
area can be calculated. Measurements are taken with varying amounts of 
nitrogen being put into the sample and the partial pressure of each being 
measured.  From this an isotherm can be plotted, from which the surface 
area can be calculated. 
 
A powder sample was run on a Hiden custom-built IGA002.  Samples 
were outgassed at 200°C for 120minutes. 
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2.7 – ICP 
 
Inductively coupled plasma mass spectrometry (ICP) was used to obtain 
the chemical composition of the material. 
 
The sample is prepared as a pellet (1.3cm2) with teflon and is then ablated 
with a laser (Nd:YAG) and the evolved species are carried by the carrier 
gas (Ar) to an argon plasma flame, which atomises the sample and allows 
mass spectrometry to be conducted.  This is then compared against a 
blank teflon pellet to remove the background.  An average of eight 
readings was taken. An Agilent 7500 series was used. 
 
2.8 – Neutron Diffraction 
 
Neutron diffraction was carried out at the Rutherford-Appleton lab near 
Oxford.  Like X-rays, this technique gives information about the crystal 
structure of a material as the wavelength is similar to the dimensions of 
interatomic distances. There are differences, however, these include the 
ability to sense lighter elements, allowing neighbouring elements in the 
periodic table to be identified and isotopes of the same element to be 
identified. 
 
Such differences arise because neutrons are scattered by the nucleus, not 
the electrons and hence the scattering does not relate to atomic number.  
The neutron beam can be generated from a nuclear reaction or, in the case 
of the sources at Rutherford labs, neutrons are generated by firing a beam 
of protons from a linear accelerator at a heavy element (uranium).  This 
produces a pulsed (50Hz) beam of neutrons, which is ideally suited for 
time of flight experiments, figure 2.10.  This technique works by 
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bombarding the sample with neutrons while collecting the data at a fixed 
angle and determining the wavelength from the time the radiation takes to 
travel the total flight path to the detector via the sample99. 
 
Figure 2.10 – Diagram showing neutron diffraction time of flight reactions. 
 
Powder samples were contained in 5mm cylindrical vanadium cans and 
then run on GEM, figure 2.11, at the Rutherford-Appleton labs.  GEM 
has an incident path length of 17m, maximum beam dimensions of 40 by 
20mm and zinc sulphide detectors that allow scattering to be measured 
from 5 to 170°.  Models were obtained by a Rietveld refinement method 
using the program ‘Prodd’ based on the Cambridge Crystallographic 
Subroutine Library (CCSL).  Scattering lengths of -0.19, -0.3438, and 
0.5803 (all x 10-12 cm) were assigned to Li, Ti, and O respectively100.  
The data was corrected for absorption.  The published structure of TiO2-
B101 was used as a starting point for the refinement. 
 
                                                 
99 A. Hannon, Neutron Diffraction, Oxford, 2005. 
100F. Sears, Neutron News, 1992, 3(3), 26. 
101 T. Feist and P. Davies, Journal of Solid State Chemistry, 1992, 101, 275. 
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Figure 2.11 – Diagram and photograph of GEM. 
 
 
2.9 – EXAFS and XANES 
 
Extended x-ray absorption fine structure (EXAFS) and x-ray absorption 
near-edge studies (XANES) were used to find information about the 
structural environment around the atoms.  
 
The technique involves generating a monochromatic beam of x-rays from 
a synchrotron that is focussed on the sample and then increasing in 
energy until it crosses an absorption edge of the element of interest.  The 
absorption edge indicates where the sample has started to absorb the 
radiation and thus is different for each sample. Small differences in 
absorbance provide information about the structural environment of the 
atoms surrounding the element of interest.  This generates a pattern with 
the XANES region being up to 40eV after the absorption edge and 
everything else being the EXAFS pattern, shown in figure 2.12102. 
 
                                                 
102 www.rigakumsc.com/exafs 
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Figure 2.12 – Diagram showing XANES and EXAFS spectrum. 
 
Samples were made into pellets with teflon and were then run on station 
7.1 at the Daresbury laboratory.  Titanium was the element of interest. 
 
2.10 – Cell Fabrication 
 
Cell fabrication provides a viable tool with which to study the properties 
of intercalation compounds as well as assessing the potential such 
materials may have as electrodes in rechargeable lithium batteries  The 
materials were prepared in cells, as detailed below, so that techniques, 
including a.c. impedance, galvanostatic and potentiostatic cycling could 
be performed. 
 
Electrodes were prepared by one of two methods.  First, the material, 
carbon and binder (normally Super S carbon and kynar binder) were 
ground together by hand.  The amounts of material used and the 
composition of this mixture varied depending upon the particular material 
being studied. The mixture was then pressed, using a die set, into a self-
supporting pellet of 13mm diameter.  The second method involved 
forming the same mixture of the material, carbon and binder, but also 
adding a solvent (e.g. acetone or Tetrahydrofuran).  This was then cast 
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onto a metal foil (Cu or Al) or glass (for self-supporting disks) using a 
doctor blade, which allowed the thickness to be set. Disks of 13mm were 
then cut from the cast films. 
 
Cells were prepared in three different ways, but, all used the same inner 
workings.  The active material was prepared and run as the cathode and a 
disk of lithium (in excess) was used as the anode.  A disk or pellet 
containing the material under study was separated from the lithium metal 
electrode by a glass fibre pad (or cell guard pad) soaked in the electrolyte 
(normally 1M LiPF6 in ethylene carbonate/dimethyl carbonate).  This was 
then sealed into a coin cell (National Research Council of Canada) shown 
in figure 2.13.  Three-electrode measurements were carried out using the 
same electrodes as described above, but with the addition of a lithium 
metal wire reference electrode in a Teflon cell. The differences between 
the coin cells and the Teflon cells are shown in figure 2.13. For studies of 
the Li/O2 battery, a diffusion cell based on a swagelok design was used, 
figure 2.14. Again, lithium metal was used as the electrode and the other 
electrode consisted of a cast film of active material, carbon and binder.  
These were separated by a glass fibre pad soaked in electrolyte (1M 
LiPF6 in propylene carbonate).  The cell was operated in an O2 
atmosphere. 
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Figure 2.13 – Diagram showing teflon and coin cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14 – Diagram of Swagelok cell. 
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2.11 – AC Impedance 
 
AC impedance was used to investigate the existence of a solid electrolyte 
interfacial layer on the electrode surface. 
 
In this technique a sinusoidal voltage is applied across the cell and the 
resulting sinusoidal current is measured.  From this the phase difference 
(θ) between the current and voltage and the opposition to the flow of 
charge (Vmax/Imax), figure 2.15, are extracted as a function of frequency.  
The second is similar to resistance in other systems. These two 
parameters represent the impedance of the cell.  Impedance is a vector 
quantity and points are plotted with the magnitude represented by the 
length of the line from the origin to the point and the phase difference by 
the angle from the x-axis, figure 2.16.  The data normally exhibits one or 
more semi-circles followed by a straight line103. 
 
 
 
 
 
 
Figure 2.15 – Diagram of a sinusoidal voltage and current wave. 
 
  
This method was conducted using a teflon cell on the Biologic macpile II 
multichannel cycler.   
 
 
                                                 
103 P. Bruce, Solid State Electrochemistry, Cambridge University Press, Cambridge, Cambridge, 1995. 
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Figure 2.16 – Nyquist plot of an A.C. impedance run. 
 
2.12 – Cell Cycling 
 
Galvanostatic cycling was used extensively in this project and materials 
were evaluated for performance in rechargeable lithium ion cells by 
galvanostatic or potentiostatic cycling on either a Biologic macpile II 
multichannel cycler or a Maccor series 4000 test system at 30°C.  All 
types of cell constructions were tested on the machines. 
 
This involves applying a constant current to the cell and measuring the 
potential as a function of time.  The amount of charge passed per cycle is 
often recorded in mAh/g. This charge passed, per unit mass of electrode 
material, is given by equation 2.2.  The derivative of the charge with 
respect to voltage is often plotted with plateaux on load curves appearing 
as peaks by this method, permitting easier identification of the plateaux. 
C = It/m 
Equation 2.2 – C= specific charge passed, I = Current, t= time and m = mass. 
 
Potentiostatic cycling involves a constant potential being applied to the 
cell and the current being monitored104. 
                                                 
104 G. Nazri and G. Pistoia, Lithum Batteries, Kluwer, London, 2004. 
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Chapter 3 - TiO2-B Nanomaterials – Synthesis and 
Characterisation 
3.1 - Background 
 
Titanate Nanotubes (Na2-xHxTinO2n+1) were first discovered by Kasuga 
and his group in 1997 and were made by a simple hydrothermal 
synthesis105.  This initial work to develop titanate nanotubes generated a 
great deal of interest.  These nanotubes were initially thought to be 
composed of anatase106. However, further study107 made this assumption 
look uncertain108. Chen et. al. suggested that these nanotubes may be 
formed from H2Ti3O7109.  Work by a variety of groups, as well as the 
studies reported in chapter seven, have confirmed that these tubes are 
titanates, although not necessarily H2Ti3O7.  As a result of this discovery, 
the goal of synthesising nanomaterials with a TiO2 structure was possible.  
This opens up a large resultant range of commercially important 
applications, such as photovoltaic cells, semiconductors and gas-sensors, 
amongst others110.  
 
It has been known for some time that the layered Na2-xHxTinO2n+1 material 
can, by acid treatment, undergo hydrogen ion exchange for sodium 
ions111.  The resulting H2TinO2n+1 material is known to be reduced to form 
the fifth polymorph of TiO2, namely, TiO2-B112.  We reasoned that a 
                                                 
105 T. Kasuga, M. Hiramatsu, A. Hoson, T. Sekino and K. Niihara, Langmuir, 1998, 14, 3160. 
106 T. Kasuga, M. Hiramatsu, A. Hoson, T. Sekino and K. Niihara, Advanced Materials, 1999, 11, 
1307. 
107 J. Yang, Z. Jin, X. Wang, W. Li, J. Zhang, S. Zhang, X. Guo and Z. Zhang, Journal of  the  
Chemical Society. Dalton Transactions, 2003, 2003, 3898. 
108X. Sun and Y. Li, Chemical  European  Journal, 2003, 9, 2229  
109 Q. Chen, W. Zhou, G. Du and L. Peng, Advanced Materials, 2002, 14,2160. 
110 P. Wang, S. Zakeeruddin, J. Moser, M. Nazeerruddin and M. Gratzel, Nature Materials, 2003, 2, 
402. 
111 T. Feist and P. Davies, Journal of Solid State Chemistry, 1992, 101, 275. 
112 M. Tournoux, R. Marchand, L. Brohan, Progress in  Solid State Chemistry, 1986, 17, 33 
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simple post hydrothermal treatment might lead to the first synthesis of 
TiO2 nanowires and so it is reported here. Subsequently, anatase 
nanotubes have been prepared by hydrolysing TiF4113.  However, no 
reports of nanotubes with a TiO2 composition have appeared prior to the 
present work.  We report the first synthesis of TiO2-B nanotubes, by a 
simple hydrothermal method and, more recently, we and others114 have 
succeeded in preparing anatase nanotubes by a hydrothermal route. 
 
3.2 – Synthesis 
 
The synthesis of titanate and TiO2 nanomaterials is summarised in the 
table below (table 3.1). Focussing on the topic of this chapter, the 
synthesis of TiO2-B nanowires and nanotubes is described below.  
Titanium dioxide (Aldrich, 6g, anatase), sodium hydroxide (4.95g) and 
H2O (33ml) were stirred together for one hour. This was then placed in a 
hydrothermal bomb and heated for three days at 170°C.  This procedure 
gave nanowires.  To create nanotubes, titanium dioxide (Aldrich, 6g, 
anatase), sodium hydroxide (4.2g) and H2O (28ml) were stirred together 
for one hour.  This was then heated in a hydrothermal bomb for 3 days at 
150°C. Both products were then washed in distilled water to remove 
residual sodium and stirred in a hydrochloric acid solution (0.01M) to 
exchange the structural sodium. These materials were then heated for 4 
hours at 400°C to give the TiO2-B polymorph (nanowires = 5.7g, 95+% 
yield and nanotubes =5.4g, 90+% yield). 
 
Examination of small differences in the above synthesis has illustrated a 
few traits that hold for the hydrothermal synthesis of TiO2-B 
                                                 
113 S. Liu, M. Gam, H. Liu, D. Zhang and C. Zeng, Chemistry of Materials, 2002, 14(3), 1391. 
114 X.P. Gao, Y. Lan, H.Y. Zhu, J.W. Liu, Y.P. Ge, F. Wu and D.Y. Song, Electrochemistry and Solid 
State Letters, 2005, 8, A26. 
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nanomaterials.  In the nanowire synthesis, the hydrothermal temperature 
could be varied to a certain extent, which resulted in the diameter of the 
nanowires changing, with 170°C being the optimum temperature to 
produce nanowires with the smallest diameter.  For the nanotubes, 150°C 
had to be used, as otherwise nanowires were created.  Pressure is also 
important in these syntheses.  This can be varied by changing the amount 
of water used.  Even small changes in this variable caused the syntheses 
to be unsuccessful. 
 
In order to create anatase nanotubes or wires, a different final heat 
treatment was used, heating at 600°C rather than 400°C, thus resulting in 
the formation of anatase rather than TiO2-B.  Similar yields were obtained 
as for the TiO2-B materials. 
Material Volume of 
NaOH used. 
(ml) 
Hydrothermal 
Heating 
Conditions. 
Heat Treatment. 
Kasuga’s 
titanate 
nanotubesii 
33 170°C for 72 
hours 
None 
TiO2-B 
Nanowires 
33 170°C for 72 
hours 
400°C for 4 
hours 
TiO2-B 
Nanotubes 
25 150°C for 72 
hours 
400°C for 4 
hours 
Anatase 
Nanowires 
33 170°C for 72 
hours 
600°C for 2 
hours 
Anatase 
Nanotubes 
25 150°C for 72 
hours 
600°C for 2 
hours 
 
Table 3.1 – The conditions to make these TiO2 nanomaterials. 
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3.3 – Characterisation 
 
These nanomaterials all have an interesting morphology and structure and 
so have been characterised in a number of ways. 
 
3.3.1 - Morphology 
 
The morphology was examined using transmission electron microscopy. 
 
  
 
Figure 3.1 – TEM pictures of nanowires from various magnifications. 
 
 
The images in fig 3.1 clearly demonstrate the wire like morphology of 
these materials.  They vary in diameter depending upon temperature used. 
A temperature of 170°C is used to give wires with a diameter in the range 
of 20nm to 50nm.  Higher temperatures resulted in wires with larger 
diameters.  The length of these nanowires can be up to 10μm. TEM 
studies showed that the synthesis gave a yield of nanowires in excess of 
95%.  This is the first synthesis to produce titanium oxide nanomaterials 
in high yield and of high quality.   
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Figure 3.2. TEM images of TiO2-B Nanotubes from a) the side and b) end on. 
 
The images in figure 3.2 clearly show the tubular nature of the nanotubes. 
The walls are the thickness of several titanate layers, roughly 25 to 30Å.  
Viewing the nanotubes from the end indicates that they are formed by 
scrolling.  The nanotubes have an outer diameter of roughly 10nm and an 
inner diameter of roughly 8nm.  There is very little variation in diameter 
of these nanotubes, perhaps due to their unique formation mechanism115. 
TEM studies showed that the synthesis used produced the nanotubes in a 
yield of roughly 95%.  The length of these tubes varies to a great extent; 
up to several hundreds of nanometres in length. 
 
3.3.2 - Structure 
 
Powder x-ray diffraction studies (PXRD) were used to investigate the 
crystal structure of these materials. 
 
                                                 
115 S. Zhang, L. Peng, Q. Chen, G. Du, G. Dawson and W. Zhou, Physical Review Letters, 2003, 
91(25), 256103. 
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Figure 3.4– XRD of bulk TiO2-B and of TiO2-B nanotubes 
 
The powder diffraction patterns for TiO2-B nanowires and nanotubes are 
compared with that for bulk TiO2-B in figures 3.3 and 3.4 respectively. 
As can be seen from the above patterns, both the nanowires and the 
nanotubes have the TiO2-B structure.  There is no evidence of significant 
amounts of any other phases in the pattern of the nanowires, thus showing 
that this material is phase pure. The nanotube pattern would appear to 
show a small amount of residual anatase.  These peaks are starred. 
Otherwise, the nanotubes have the TiO2-B structure.  The peaks in the 
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nanowire pattern are broader than those present in the bulk material.  This 
is due to the diameter of the nanowires being roughly 20 to 50nm. This 
results in an x-ray coherence length (<600Å) small enough to induce such 
peak broadening.  The same effect is much more pronounced in the 
nanotube pattern, which is unsurprising, given that the nanotubes have 
walls that are only 25 – 30Å thick and the diameters are less than 10nm. 
 
High resolution TEM and electron diffraction were used to characterise 
the structure of the material.  The results for TiO2-B nanowires and 
nanotubes are given in figures 3.5 and 3.6 respectively.  The high-
resolution electron microscopy showed that the materials were single 
crystals.  From the electron diffraction patterns and by measuring the 
lattice fringes along different axes, the lattice parameters were 
determined.  These are in good agreement with those of bulk TiO2-Bvii, as 
can be seen in table 3.2. 
 
 
 
 
 
 
 
 
 
Figure 3.5 Electron diffraction images of TiO2-B Nanowires 
 
200 
110 
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Figure 3.6 Electron diffraction images of TiO2-B Nanotubes  
 
Material a (Å) b (Å) c (Å) 
TiO2-B bulk 12.1787 3.7412 6.5249 
TiO2-B 
nanowires 
11.2 3.8 5.8 
TiO2-B 
nanotubes 
10.6 3.7 6.3 
 
Table 3.2 – Lattice parameters calculated from high-resolution electron microscopy. 
 
The structure was further probed by Raman spectroscopy.  The results are 
shown in figures 3.7 and 3.8.  There is good agreement between the 
spectra for the nanotubes and nanowires compared with that of the bulk 
TiO2-B material, despite the peak broadening due to the reduced 
dimensions of the nanotubes and nanowires. 
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Figure 3.7 - Raman Spectra comparing TiO2-B Nanowires with bulk TiO2-B 
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Figure 3.8 - Raman Spectra comparing TiO2-B Nanotubes with bulk TiO2-B 
 
The TiO2-B structure is shown in figure 3.9.  Like the other polymorphs 
of TiO2, it is built by TiO6 octahedra sharing corners and edges, but, in 
this case, perovskite-like channels are generated, as shown in the figure.  
This permits facile Li+ ion transport and is in part responsible for superior 
intercalation properties of this polymorph compared with the other TiO2 
polymorphsvii. 
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Figure 3.9 – Diagrammatical  representation of the TiO2-B structure. 
 
 
3.3.3 – Chemical Composition 
 
Given that the TiO2-B nanowires and nanotubes are formed from 
Na2-xHxTinO2n+1 material, it is important to consider the possibility of 
residual sodium or hydrogen ions remaining from the synthesis.  
However, ICP studies show that there is very little sodium present, table 
3.3. 
Material Ratio of Na to Ti (Molar) 
Bulk TiO2-B No Na present 
Titanate Nanowires 1:5.8 
Titanate Nanotubes 1:7.8 
TiO2-B Nanowires 1:47.5 
TiO2-B Nanotubes 1:69.3 
Table 3.3 – ICP results for various titanium oxide compounds. 
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As can be seen from table 3.3, acid treated TiO2-B materials have only a 
trace amount of sodium present.  Similar results were obtained from EDX 
studies, which were unable to detect any sodium in the TiO2-B 
nanomaterials (1% molar detection limit). TGA-MS studies were carried 
out to establish if all the protons (H2O) had been removed from the 
Na2-xHxTinO2n+1 material after 400°C heat treatment.  The results, shown 
in figures 3.10 and 3.11 for the nanowires and nanotubes respectively, 
with a heating rate of 5°C/min, indicate that all the H2O is removed below 
400°C. 
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Figure 3.10 - TG and MS results from TiO2-B Nanowires heated at 5°C/min 
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Figure 3.11 - TG and MS results from TiO2-B Nanotubes heated at 5°C/min 
 
 
3.4 – Evolution of Structure and Morphology upon Heating 
 
The variable temperature powder diffraction studies, figures 3.12 and 
3.13, show what happens to the acid washed nanowires and nanotubes as 
they are heated.   
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Figure 3.12 – VTXRD of acid washed titanate nanowires. 
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Figure 3.13– VTXRD of acid washed titanate nanotubes. 
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Starting from the acid washed nanowires and nanotubes (titanate); 
heating to 400°C yields the pattern for TiO2-B, as can be seen in figures 
3.12 and 3.13.  Above this temperature, the peaks start to correspond to 
the anatase structure.  At temperatures above those shown on the figures, 
it is expected that the anatase would be fully obtained and then convert to 
rutile as normally happens116.   
 
By heating at 600°C for 2 hours, anatase nanowires and nanotubes are 
obtained, as shown in figures 3.14, 3.15 and 3.16, with good retention of 
the morphology. These nanowires and nanotubes have the same 
dimensions as the TiO2-B nanowires and nanotubes. Indeed, some peaks 
likely to be from unconverted TiO2-B still remain. The window of 
conditions that gives this result is narrow and higher temperatures and 
longer heating times destroy the morphology.  Heating above 800°C, 
using any conditions, gives rutile and completely destroys the 
morphology. 
 
 
 
Figure 3.14 – TEM of anatase nanowire. 
 
                                                 
116 L. Brohan, A. Verbaere, M. Tournoux and G. Demazeau, Materials Research Bulletin, 1982, 17(3), 
355. 
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Figure 3.15 – TEM of anatase nanotubes. 
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Figure 3.16 – PXRD patterns of anatase materials. 
 
3.5  – Surface Area 
 
Surface Area measurements have been carried out using the BET method 
and the results for bulk TiO2-B (≈500nm) along with nanowires and 
nanotubes is given in table 3.4.  The wires have a surface area of 
approximately 25m2/g, which is considerably larger than that of the bulk 
material.  The nanotubes exhibit an even higher surface area, which is 
roughly an order of magnitude greater than that of the bulk material. 
 
 65
Material BET Value (m2/g) 
TiO2-B Bulk 19.956 
TiO2-B Nanowires 24.889 
TiO2-B Nanotubes 192.020 
 
Table 3.4 – BET Measurements of various forms of TiO2-B. 
 
Such high surface areas, combined with the TiO2-B crystal structure, 
which is favourable for lithium intercalation, make these materials of 
potential interest as anodes in rechargeable lithium batteries as well as in 
a range of other applications such as catalysis and solar cells. 
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Chapter 4 – Cycling Performance of TiO2-B 
Nanomaterials 
 
4.1 – Background 
 
Having considered the synthesis and structural characterisation of TiO2-B 
nanotubes and nanowires in chapter 3, here we investigate their basic 
properties as anodes in lithium cells and compare the properties against 
that of bulk TiO2-B1. 
 
4.2 – Electrochemical Performance During The First Cycle 
 
TiO2-B nanotubes and nanowires were ground with super s carbon and 
kynar binder (75:18:7 weight percent). This was then pressed into a disk 
of 13mm diameter and with a weight of active material no more than 
15mg.  This was then incorporated into a coin cell using a lithium 
electrode and a liquid electrolyte (1M LiPF6 in EC/DMC 1:1). 
 
4.2.1 – Voltage Versus Composition at Low Rate. 
 
The variation of voltage with charge on the first discharge (lithium 
intercalation) and first charge (lithium deintercalation) for nanotubes and 
nanowires is shown in figure 4.1.  A cell constructed identically, but 
using bulk TiO2-B (particle size ≈ 500nm) as the electrode material was 
also examined and the results presented in the figure. 
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Figure 4.1 – Load Curves of the first cycle of various forms of TiO2-B. 
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Figure 4.2 – Incremental capacity plot of the first cycle of various forms of TiO2-B. 
 
The discharge capacity of the nanotubes on the first cycle is equivalent to 
0.98 lithium (corresponding to 330mAh/g).  The nanowires are able to 
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intercalate slightly less lithium (0.89Li), which corresponds to 
300mAh/g. Both exhibit considerably greater capacity than the bulk 
material (0.68Li or 230mAh/g). It should also be noted that broadly 
similar load curves are obtained in all three instances, indicating that the 
electrochemical processes are similar in all three materials with both 
discharge and charge plateaus occurring mainly in the range of 1.5V to 
1.75V.  However, not all of the discharge capacity is recovered upon 
charging and we shall return to this point later. 
 
Considering the curves in more detail and beginning with the nanowires, 
there is a small separation of charge between the charge and discharge 
curves and polarisation is small at this low rate.  In discharge, a small 
plateau is evident at 1.75V and a much larger one at 1.5V. Examination 
of the incremental capacity plots; obtained by the derivation of the charge 
with respect to the voltage, figure 4.2, shows more clearly the features of 
the load curves.  Plateaux in the load curves appear as peaks in the 
incremental plot. The plateau at 1.75V is clearly evident in the 
incremental plot and this also reveals that the plateau at 1.5V is, in fact, 
two, with the weaker peak at 1.45V and the stronger at 1.55V. 
 
Turning to the nanotubes, there is a greater separation between the charge 
and discharge curves, although examination of the incremental plots 
shows the same basic redox procedures as those for the nanowires.  The 
differences between the nanotubes and nanowires are greater capacity, 
greater apparent polarisation and greater irreversible capacity. These may 
indicate inferior kinetics or the contribution of other charge storage 
mechanisms, e.g. at the surface of the nanotube walls or changing of the 
intercalating energetics because of size effects due to the very thin walls 
of the nanotubes.  The nanotubes have a surface area of 192m2/g 
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compared with 25m2/g for the nanowires. The wall thickness is less than 
30Å.  Since the intercalation of the lithium occurs into these walls, they 
may be sufficiently small to influence the intercalation process.  The 
incremental plots show that this is not sufficient to radically change the 
process, which still follows that of the nanowires.  It may be enough, 
however, to slightly perturb them.  The considerably higher surface area 
of the nanotubes is also consistent with the possibility of surface charge 
storage. 
 
Looking now at the load curves for the bulk material, the separation 
between the charge and discharge curve is similar to that of the 
nanowires, with little polarisation at this low rate. The load curves show 
plateaus at 1.75V on discharge and at 1.9V on charge.  On examination of 
the incremental plots, these peaks can also be seen in the nanowires and 
nanotubes, but are much more defined in the bulk material.  This shows 
that the same basic redox procedures are present in all three materials117.  
The differences observed: lower capacity, more defined peaks and greater 
irreversible capacity than the nanomaterials may be a size effect, with the 
larger particle size of the bulk material not having such good contact with 
the electrolyte. 
 
4.2.2 – Voltage Versus Composition at Various Rates. 
                                                 
1 M. Zukalova, M. Kablac, L. Kavan, I. Exnar and M. Graetzel, Chemistry of Materials, 2005, 17, 
1248. 
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Figure 4.3 – Load Curves of the first cycle of TiO2-B nanowires run at various rates. 
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Figure 4.4 – Load Curves of the first cycle of TiO2-B nanotubes run at various rates. 
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Figures 4.3 and 4.4 show the performance of TiO2-B nanomaterials at a 
range of rates on the first cycle.  The nanotubes exhibit markedly better 
capacity retention at higher rates than the nanowires (79% compared to 
73%).  This suggests that the separation of charge and discharge curves 
for the nanotubes in figure 4.1 is not due to kinetics but instead to the 
energetic contributions described above.  The better capacity retention 
may reflect the smaller Li+ and e- diffusion distance, due to their smaller 
particle size. Given that composition of the composite electrode (75% 
material, 18% super s carbon and 7% binder) has not been optimised and 
yet excellent high rate performance is exhibited, then these materials 
must be candidates for use in high value lithium batteries. 
 
4.2.3 – Effect upon Morphology of Intercalation and Deintercalation of 
Lithium. 
 
The effect upon morphology of these materials by cycling in rechargeable 
lithium cells was investigated by cycling coin cells to the desired voltage 
cut-off, before dismantling the cell and recovering the material for TEM 
studies. 
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Figure 4.5 – TiO2-B nanowires during cycling in rechargeable lithium batteries. From top left a) 1 discharge (A) b) 1 cycle (B) 
and c) after 200 cycles – finish on discharge (C). 
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Figure 4.6 - TiO2-B nanotubes at various stages of cycling. a) half discharge (A) b) 1 discharge (B) c) 4 cycles finish on charge 
and d) after 200 cycles finish on discharge. 
 
As can clearly be seen in figures 4.5 and 4.6, the nanowire and nanotubes 
morphology is retained during cycling.  No obvious changes can be seen 
A 
B 
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in either shape or size of either of these materials on either the first or 
subsequent cycles.  Therefore no features in the load curves or 
incremental plots are due to morphological change. 
 
4.2.4 – Effect Upon Structure of Intercalation and Deintercalation of 
Lithium. 
 
The effect upon the TiO2-B structure of the nanowires and nanotubes was 
investigated by PXRD.  This was achieved by the same method as the 
samples for TEM were obtained. 
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Figure 4.7 – PXRD of TiO2-B nanowires at various stages of cycling. 
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Figure 4.8 – PXRD of TiO2-B nanotubes at various stages of cycling. 
In the PXRD patterns given above, it can be seen that both the nanowires 
and nanotubes, figure 4.7 and 4.8 respectively, retain the TiO2-B 
structure.  The broadness of the peaks in both cases makes it difficult to 
make any general conclusions about detailed structural changes. 
However, in the nanowires a slight shift of the peaks to lower 2θ can be 
detected on discharge.  This corresponds to a unit cell expansion as 
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lithium fills its sites.  In the nanotubes, a similar pattern is observed.  It 
should be noted that the pattern at end of charge does not return to that of 
the as prepared material.  The pattern still shows some expansion of the 
unit cell.  This is consistent with not all of the lithium being removed and 
helps to explain the irreversible capacity that is noticed on the load 
curves.  However, with the lack of any major structural changes, this 
helps to explain the retention of morphology and good cycling 
performance noted earlier. 
 
Neutron diffraction experiments were run on samples of TiO2-B 
nanowires discharged to various voltages.  The material was then 
transferred, under argon, into a vanadium can and sealed before being run 
on GEM at Daresbury laboratory.  The models were created by a Rietveld 
refinement as described in chapter 2. 
Material Space 
Group 
a (Ǻ) b (Å) c (Å) γ (°) 
TiO2-B 
Nanowires2118 
C2/m 12.1787 
(10) 
3.7412 
(2) 
6.5249 
(5) 
107.054 
(4) 
TiO2-B 
Nanowires 
discharged to 
1.5V 
C2/m 12.361   
(10) 
3.8189 
(9) 
6.535 (2) 107.69 
(6) 
TiO2-B 
Nanowires 
discharged to 
1V 
C2/m 12.686 
(4) 
3.9149 
(4) 
6.518 (2) 108.51 
(3) 
Table 4.1 – Cell constants for TiO2-B nanowires at various stages of discharge. 
                                                 
2 T. Feist and P. Davies, Journal of Solid State Chemistry, 1992, 101¸275. 
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The cell constants for TiO2-B nanowires at various stages of discharge 
are given above, table 4.1.  It can be seen that during lithium insertion, 
the c value is staying constant while a and b are increasing.  Thus the 
structure is ‘loosening’ as lithium inserts and the structure changes in the 
way shown below. 
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Figure 4.9 – Neutron spectrum and fit with model of half discharged TiO2-B nanowires. 
 
The data obtained from neutron diffraction was found to be of poor 
quality and therefore the peaks are fairly broad, figure 4.9.  This may 
correspond to several phases being present.  This has been fitted, 
however, to one with an Rwp value of 5.2%.  This gives a model, table 
4.2, which is isostructural with Li2FeV3O8, figure 4.10.  This is an open 
structure with several large pores and quite different to TiO2-B.  This 
structure then changes further as more lithium is inserted.  
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Atom Wycoff 
Symbol 
x y z Biso (Å2) 
Ti1 4i 0.307 (2) 0.0000 0.708 (3) 1.2 (2) 
Ti2 4i 0.398 (2) 0.0000 0.300 (4) 1.2 (2) 
O1 4i 0.3571 
(11) 
0.0000 0.997 (3) 0.9 (13) 
O2 4i 0.2316 
(14) 
0.0000 0.343 (3) 0.9 (13) 
O3 4i 0.4313 
(15) 
0.0000 0.648 (2) 0.9 (13) 
O4 4i 0.1279 
(12) 
0.0000 0.703 (2) 0.9 (13) 
Li1 4i 0.961 (3) 0.0000 0.727 (8) 0.7 
Table 4.2 – Atom positions for half discharged TiO2-B nanowires. 
 
 
Figure 4.10 – Diagram of crystal structure of half discharged TiO2-B nanowires; isostructural with Li2FeV3O8. 
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Figure 4.11 – Neutron spectrum and fit with model of fully discharged TiO2-B nanowires. 
 
Atom Wycoff 
Symbol 
x y z Biso (Å2) 
Ti1 4i 0.301 (2) 0.0000 0.673 (2) 1.01 (14) 
Ti2 4i 0.411 (2) 0.0000 0.313 (3) 1.01 (14) 
O1 4i 0.3305 (7) 0.0000 0.000 (2) 0.29 (7) 
O2 4i 0.2385 
(10) 
0.0000 0.344 (2) 0.29 (7) 
O3 4i 0.1336 (7) 0.0000 0.663 (2) 0.29 (7) 
O4 4i 0.4513 
(10) 
0.0000 0.665 (2) 0.29 (7) 
Li1 4i 0.938 (4) 0.0000 0.668 (9) 0.7  
Li2 4i 0.189 (2) 0.0000 0.013 (5) 0.7 
Table 4.3 – Atom positions for fully discharged TiO2-B nanowires. 
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As more lithium is inserted, a different pattern is obtained, figure 4.11.  
The cell constants, table 4.3, show that this structure, figure 4.12, is much 
more similar to TiO2-B and has the characteristic corrugated edge and 
corner sharing TiO6 octahedra. The peaks in this case are much sharper 
and the model is better fitted (Rwp = 4.5%).  This may be due to the Li0.4 
sample being partially air degraded or it may be due to Ti3+/Ti4+ ordering 
occurring as lithium is being inserted. 
 
 
 
Figure 4.12 – Diagram of crystal structure of fully discharged TiO2-B nanowires 
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4.3 – Electrochemical Performance During Subsequent Cycles. 
 
4.3.1 – Voltage Versus Composition. 
 
The performance of the material at various rates and for many cycles was 
examined by using cells constructed in the same manner as those used 
earlier.  
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Figure 4.13– Load Curves of TiO2-B nanowires. 
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Figure 4.14 – Load Curves of TiO2-B nanotubes. 
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Figure 4.15 – Evolution of TiO2-B nanowires incremental curves. 
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Figure 4.16 – Evolution of TiO2-B nanotubes incremental curves. 
 
In both cases, the shape of the load curves and incremental plots, figures 
4.13 to 4.16, changes little with cycling, especially for the nanowires.  In 
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the case of the nanotubes, there is a greater change between the first and 
subsequent cycles with a reduction in polarisation. The capacity retention 
upon cycling at different rates for the nanowires and nanotubes is plotted 
in figures 4.17 and 4.18 respectively. 
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Figure 4.17– Discharge capacities of TiO2-B nanowires run at a range of rates. 
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Figure 4.18 – Discharge capacities of TiO2-B nanotubes run at a range of rates. 
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In the case of the nanowires, the fade becomes less at higher rates 
signifying that the observed capacity fade at lower rates may be due to 
slow reaction with the electrolyte.  This is discussed more in the 
following chapter. The fade rates are, however, very low, just 0.06% per 
cycle between cycles 20 and 100 at 50mA/g.  There is a reduction of 
capacity at higher rates.  By contrast, increasing the rate for the nanotubes 
has little effect upon the capacity.  This may reflect the higher surface 
area resulting in a better rate performance than the nanowires.  The fade 
is again greater at lower rates (as for the nanowires).  However, whereas 
the nanowires exhibit a drop in capacity after the first cycle and thereafter 
give good capacity retention (99.5% per cycle), the nanotubes show more 
continuous fading with cycle number as well as the drop in capacity after 
the first cycle. 
 
4.3.2 – Discharge Capacities at a Range of Rates 
 
To investigate yet higher rates, 3-electrode cells were constructed to 
avoid polarisation of the lithium electrode.  The results are presented in 
figures 4.19 and 4.20 respectively.  At these high rates, the rate capability 
(capacity retention with increasing rate) is similar for the nanowires and 
nanotubes with values of around 200mAh/g at 200mA/g and 85 – 
100mAH/g at 2000mA/g.  
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Figure 4.19 – Discharge capacities of TiO2-B nanowires run at a range of rates. 
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Figure 4.20 – Discharge capacities of TiO2-B nanotubes run at a range of rates. 
 
4.3.3 – Comparison of Capacities versus other Forms of Titanium Oxide 
 
The performance of the TiO2-B nanomaterials was compared with other 
titanium oxide based anode materials for rechargeable lithium batteries. 
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Figure 4.21 – Discharge capacities of various forms of titanium oxides. 
 
Figure 5.21 shows the variation of discharge capacity with cycle number 
at a rate of 50mA/g.  Rutile and brookite, two of the most common 
polymorphs of TiO2, do not intercalate significant lithium and are not 
examined here.  Anatase is a lithium intercalation host, but, as evidenced, 
it exhibits the poorest capacity. Li4Ti5O12 is the most intensely studied 
titanate anode119 and is being commercialised.  It is clear that the TiO2-B 
nanowire and nanotubes significantly outperform Li4Ti5O12, delivering 
almost twice the capacity.  The performance of Li4Ti5O12 is similar to that 
of bulk TiO2-B, with particle size of 500nm.   
 
The surface area of the bulk material is comparable to that for the 
nanowires, table 3.4.  Yet the nanowires exhibit twice the capacity 
compared with bulk TiO2-B.  This demonstrates the central role of the 1D 
nanostructure in the performance of the TiO2-B nanowires and nanotubes.  
The reason lies in the fact that the small diameter ensures a short Li+ 
diffusion distance, while the long nanotube and nanowires morphology 
                                                 
119 K. Zaghib, M. Simoneau, M. Armand and M. Gauthier, Journal of Power Sources, 1999, 81, 300. 
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needs only a few points of contact with the electrolyte to ensure electron 
transport between the nanowires or nanotubes.  Nanoparticles, like bulk 
TiO2-B can lose contact due to expansion and contraction on cycling, 
leading to poor electronic ‘wiring.’  
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Chapter 5 – Electrochemistry of TiO2-B 
Nanomaterials 
 
5.1 – Background 
 
TiO2-B nanotubes and nanowires have been shown in chapter 4 to be 
good anodes for lithium ion batteries with high discharge capacities and 
good rate capabilities.  However, in common with bulk TiO2-B120, there is 
some reduction in discharge capacities at higher rates and some 
irreversible capacity on the first cycle. Similar trends have been noticed 
for other forms of TiO2, like anatase121, Li4Ti5O12122 and sodium 
titanates123.  The reasons for this are investigated in this chapter. 
 
5.2 – Investigating Physical Factors 
 
Coin cells were prepared in the following way. TiO2-B nanotubes and 
nanowires were ground with super s carbon and kynar binder (75:18:7 
weight percent). This was then pressed into a disk of 13mm diameter and 
weight of active material no more than 15mg.  This was then incorporated 
into a coin cell using a lithium electrode and a liquid electrolyte (1M 
LiPF6 in EC/DMC 1:1). 
 
 
                                                 
120 B. Zachau-Christiansen, K. West, T. Jacobsen and S. Atlung, Solid State Ionics, 1988, 28-30(2), 
1176. 
121 I. Exnar, L. Kavan, S. Huang and M. Gratzel, Journal of Power Sources, 1997, 68(2), 720. 
122 J. Li, Z. Tang and Z. Zhang, Electrochemistry Communications, 2005, 7, 894. 
123 R. Dominko, E. Baudrin, P. Umek, D. Arcon, M. Gaberscek and J. Jamnik, Electrochemistry 
Communications, 2006, 8, 673. 
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5.2.1 – Influence of Fabrication Method 
 
Anodes for lithium batteries are commonly prepared by the two methods 
described in chapter 2; powder ground together and then pressed into a 
disk or by casting the same powder onto copper sheet using a solvent 
such as tetrahydrofuran.  These are compared below. 
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Figure 5.1 – First load curves of TiO2-B Nanowires at a rate of 200mA/g with different fabrication methods. 
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Figure 5.2 – Discharge Capacities of TiO2-B Nanowires at a rate of 200mA/g with different fabrication methods. 
 91
The two different fabrication methods are compared in figures 5.1 and 5.2 
above.  It can clearly be seen that there is very little difference between 
the two methods either in discharge capacity or in irreversible capacity.  
The shape of the load curves is, as would be expected, very similar. The 
levels of fade in the discharge capacities are also remarkably similar.  
Any differences are within acceptable limits of reproducibility. 
  
5.2.2 – Sonication 
 
It was noticed in TEMs, figure 5.3, that the nanowires tended to bunch 
together in the as prepared material.  Therefore it was decided to sonicate 
the material in an attempt to break these bundles up, therefore ensuring 
shorter diffusion distances for intercalation and better electrolyte contact.  
Nanotubes were unable to be treated in the same manner as they were 
found to lose their morphology during sonication. 
 
Figure 5.3 – TEMs of TiO2-B Nanowires before (left) and after sonication (right). 
 
Material BET values (m2/g) 
Non-sonicated TiO2-B nanowires 24.389 
Sonicated TiO2-B nanowires 35.802 
 
Table 5.1 – BET measurements on sonicated and non-sonicated TiO2-B nanowires. 
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The material was made into a suspension in a small amount of water and 
was sonicated for ten minutes.  This was shown to disperse the bundles, 
while still preserving the nanowire morphology.  The BET values 
obtained can be seen in table 5.1.  These values show that the surface area 
increased, which should, in turn, increase the discharge capacity when 
cycled in lithium batteries. 
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Figure 5.4 – XRD patterns of sonicated and non-sonicated TiO2-B nanowires. 
 
The XRD pattern of the sonicated material was compared to that of the 
non-sonicated nanowires.  There are several differences that can be seen 
in figure 5.4, the first is that there is slightly more peak broadening in the 
sonicated nanowires.  The second difference is that there is more anatase 
in the sonicated sample.  Anatase is a known decomposition product of 
TiO2-B124 and sonication appears to be causing some break down of 
TiO2-B to anatase. 
                                                 
124 T. Feist and P. Davies, Journal of Solid State Chemistry, 1992, 101, 275. 
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Figure 5.5 – Discharge capacities of sonicated and non-sonicated TiO2-B nanowires. 
 
The performance of the sonicated nanowires was compared to the non-
sonicated nanowires and is reported in figure 5.5.  It can be seen that 
although the sonication process does not influence the irreversible 
capacity, the discharge capacity is considerably less.  It was expected that 
the larger surface area achieved through sonication would raise the 
discharge capacity, however it seems that the extra bulk anatase 
generated through this process lowers the performance in cells. 
 
5.3 – Attempting to Improve the Electronic Conductivity 
 
It is recognised that TiO2-B is an insulator, but that after intercalation it 
becomes conducting.  However, the insulating properties of the pristine 
material could have an effect upon the irreversible capacity.  As a result, 
various efforts were made to increase the conductivity of the electrode. 
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5.3.1 – Addition of Carbon and Other Additives 
 
The first method used to improve conductivity was to increase the 
percentage, by mass, of carbon in the electrode material. The standard 
electrode preparation used in this was 75% TiO2-B nanowires, 17% super 
s carbon and 8% kynar binder by weight.  The percentage of carbon was 
increased and the percentage of nanowires was decreased, whilst keeping 
the percentage of kynar constant.   
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Figure 5.6 – First load curves of TiO2-B Nanowires with varying amounts of carbon by mass. 
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Figure 5.7 – Discharge Capacities of TiO2-B Nanowires with varying amounts of carbon by mass. 
 
The irreversible capacity on the first cycle changes very little despite the 
changing amount of carbon in the sample, figure 5.6.  The shape of the 
curve also remains unchanged during the addition of carbon. Although 
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the separation of charge and discharge curves does decrease slightly, 
which is consistent with a slight decrease in polarisation.  By changing 
the amount of carbon from 5% to 20%, the discharge capacity increases 
substantially from 210mAh/g to 290mAh/g, again in keeping with 
reduced polarisation.  It can be seen from figure 5.7 that adding more 
carbon steadily increases the discharge capacity of TiO2-B nanowires.  
The theoretical maximum capacity for TiO-2B nanowires is 331mAh/g, 
which is reached on the first discharge of the sample containing 40% 
carbon.  This illustrates that addition of extra carbon helps to improve the 
conductivity of TiO2-B nanowires and thus indicates that poor electronic 
conductivity in the sample is indeed a problem. Fade is not affected by 
the addition of extra carbon. However, the irreversible capacity 
effectively remains the same (20mAh/g compared to 15mAh/g – within 
experimental error).  This would indicate that the irreversible capacity 
observed is not due to poor conductivity and that other causes must be 
examined.  
 
The addition of other additives; namely copper and gold powder was also 
investigated. 
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Figure 5.8 – First load curves of TiO2-B Nanowires with 5% by mass of different additives. 
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Figure 5.9 – Discharge Capacities of TiO2-B Nanowires with 5% by mass of different additives. 
  
 
The performance of TiO2-B nanowires with copper and gold powder as 
additives is examined in figures 5.8 and 5.9.  These cells were run using 
75% nanowires, 12% carbon, 8% binder and 5% additive. It can be seen 
that these additives do not affect either the discharge capacity or the 
irreversible capacity exhibited by these nanowires.  This may be due to 
lack of contact between the nanowires and the metal powders and could 
be improved if a way to increase contact could be found.  The shape of 
the load curves is unchanged with these additives, indicating that no 
changes are occurring in the electrochemical processes. 
 
5.3.2 – Carbon Coating 
 
It has been shown that the performance of relatively insulating insertion 
electrodes, such as LiFePO4, is improved markedly by coating the particle 
with conductive carbon125. Although the conductivity of LixTiO2-B is not 
expected to present a problem, the TiO2-B used initially is insulating.  
                                                 
125 R. Dominko, M. Bele, M. Gaberscek, M. Remskar, D. Hanzel, S. Pejovnik and J. Jamnik, Journal of 
the Electrochemical Society, 2005, 152(3), A607. 
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TiO2-B nanowires were coated in carbon in an attempt to improve 
electronic conductivity more effectively than by adding extra carbon.  
Carbon coating improves particle contact and electron transport to each 
particle.  Carbon coated nanowires were prepared in a number of ways. 
These included heating TiO2-B nanowires coated in sucrose and various 
polymers.  However, the carbon needed to be heated above 600°C to 
form sp2 linkages and allow good levels of conduction.  These 
temperatures were found to break down the crystal structure and lead to 
the formation of bulk anatase. The most successful method was through 
coating anatase particles with perylene before the hydrothermal reaction 
and then continuing with the synthesis.  This resulted in nanowires with 
the same dimensions and yield as before.  These nanowires were found to 
have 4% by mass of carbon. 
 
 
 
Figure 5.10 – TEM images of non-carbon coated TiO2-B nanowires (on left) and carbon coated TiO2-B nanowires (on right). 
 
 
TEM images of the carbon and non-carbon coated nanowires are 
examined.  It is interesting to note from figure 5.10, that the carbon 
coated nanowires appear to be pockmarked, which may be a partial 
covering of carbon on the surface or an uneven coat.  The carbon layer 
can also be seen at the edge of the nanowire in the top right of the picture, 
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figure 5.10.  This layer combined with the fact that no extra carbon was 
seen, leads to the conclusion most of the carbon is coating the nanowires. 
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Figure 5.11 – PXRD patterns of carbon and non-carbon coated TiO2-B nanowires. 
 
The PXRD patterns for these materials were also examined and as can be 
seen from figure 5.11, the patterns are identical, thus showing that the 
process of carbon coating has not altered the crystal structure of the 
nanowires. 
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Figure 5.12 – First cycle load curves of carbon coated and non-carbon coated TiO2-B nanowires run at a rate of 10mA/g. 
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Figure 5.13 – Discharge Capacities of carbon coated and non-carbon coated TiO2-B nanowires run at a rate of 200mA/g. 
 
Electrodes were prepared with the carbon coated nanowires by mixing 
them with sufficient super s carbon to give an overall carbon content of 
17% by weight.  Cells composed of electrodes with carbon coated and 
non-carbon coated nanowires were then cycled in rechargeable lithium 
cells and the results are reported in figures 5.12 and 5.13.  The shape of 
the load curves is almost identical, with both discharge capacity and 
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irreversible capacity being unaffected by carbon coating.  This behaviour 
continues in further cycles, where the discharge capacity and rate of fade 
of carbon coated and non-carbon coated nanowires is almost identical.  
Thus, carbon coating has no affect on the performance of this material 
when electrochemically cycled possibly as the most conducting form of 
carbon has not been formed in the coating layer.  Gold-coated nanowires 
were also prepared by gold sputtering and similar results were obtained. 
 
5.3.3 – Chemical Doping 
 
Optimising intercalation electrodes involves efficient electron transfer to 
and from the particle and also within the particle.  This was felt to be 
important, especially for the pristine TiO2-B nanowires, and therefore 
chemical doping was investigated. Doping was investigated by replacing 
5mole% of titanium with a variety of other ions.  The synthesis involved 
mixing titanium isopropoxide with the oxide of the dopant and then 
heating the mixture to 600°C.  This mixture was allowed to dry, forming 
doped TiO2 and then used in the hydrothermal process to form TiO2-B 
nanowires.  The following metal dopants were tried; iron, cobalt, 
manganese, niobium, aluminium, tin and vanadium. This selection of 
metals was derived from precedents in the literature and allowed 
examples of n- and p-type doping. Since our work, another group has 
since reported using a similar method to dope titanate nanotubes with 
cobalt126. The results are given below for aluminium and manganese 
doped nanowires.  The behaviour of all other doped material was similar 
to that of manganese doped wires.  Aluminium doped nanowires behaved 
slightly differently as can be seen below. 
                                                 
126 D. Wu, Y. Chen, J. Liu, X. Zhao, A. Li and N. Ming, Applied Physics Letters, 2005, 87, 112501. 
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Figure 5.14 – TEM image of a manganese doped TiO2-B nanowire.  
 
The doping procedure does not significantly affect the nanowire 
morphology or dimensions, as can be seen from figure 5.14. 
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Figure 5.15 – XRD patterns of manganese, aluminium and non-doped TiO2-B nanowires. 
 
The XRD patterns of aluminium, manganese and non-doped nanowires 
are shown in figure 5.15.   In all cases, the patterns appear to be 
unchanged; however, a small shift in the peaks positions may be seen for 
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the doped material compared to the non-doped material.  The manganese 
and aluminium ions are both smaller than the titanium ion and so it would 
be expected that a shift to higher 2θ would be observed.  The opposite is 
seen.  It is thought that the shift caused by the 5% dopant is insignificant 
and the shift to lower 2θ is caused by the presence of Ti3+ due to the 
doping. This shift, combined with the lack of any extra peaks indicates 
that the nanowires have been doped successfully and uniformly.  This 
result was confirmed by EDX, which showed that the distribution of the 
metal ions throughout the nanowires was uniform.  ICP results confirmed 
that in all cases, the dopant level was 5%±1%. 
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Figure 5.16 – First load curves of manganese, aluminium and non-doped TiO2-B nanowires run at a rate of 200mA/g. 
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Figure 5.17 – Discharge capacities of manganese, aluminium and non-doped TiO2-B nanowires run at a rate of 200mA/g. 
 
In general, the performance of these doped materials was either worse or 
no better than the pure material, as can be seen in figures 5.16 and 5.17.  
Most of the dopants resulted in materials with similar fade and 
irreversible capacity to the un-doped material.  The basic shape of the 
load curve is also similar, although the polarisation was greater.  The 
discharge capacity was, however, considerably lower (80mAh/g 
compared to 200mAh/g).  By contrast, the aluminium doped nanowires 
performed somewhat better than the non-doped nanowires, giving higher 
capacities for the first few cycles. However, after a few cycles, the load 
curves, capacitance and fade were similar to the pure material. The first 
load curve is also significantly different; the curve is much smoother and 
the irreversible capacity is approximately double that of the pure TiO2-B 
nanowires.  In fact, this curve more closely resembles that of the TiO2-B 
nanotubes, figure 4.1.  These results leave a number of questions.  
Namely why such poor discharge capacity is achieved from established 
dopants (n- and p-type) and why aluminium as a dopant would improve 
performance.  In order to answer, a more detailed investigation as to the 
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ions present in the doped material and of the fine crystal structure would 
be needed. 
 
5.4 – S.E.I. 
 
Solid electrolyte interfaces (S.E.I.) are formed when the electrolyte 
partially decomposes at potentials outside the stability range of a 
particular electrode/electrolyte combination.  The SEI is a film that forms 
on the electrode.  The most well-known example is the SEI layer formed 
on graphite when charged below 0.8V versus lithium. The layer on 
graphite is electronically insulating, but ionically conducting and it 
protects electrode from exfoliation127.  It was of interest to see if such a 
layer formed on the TiO2-B nanowires during cycling.  
 
5.4.1 – Using A.C. Impedance to determine the existence of a S.E.I 
 
A.C. impedance was used to examine the possibility of a S.E.I. layer existing in this 
system. 
                                                 
127 G. Nazri and G. Pistoia, Lithium Batteries – Science and Technology, Kluwer, London, 2004. 
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Figure 5.18 – A.C. Impedance plots from TiO2-B nanowires at (top) 2.5V, 1.5V and (bottom) 1V. 
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Figure 5.19 – A.C. Impedance plots from TiO2-B nanotubes at 2.5V, 1.5V and 1V. 
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The irreversible capacity seen with carbon electrodes is generally 
associated with the S.E.I. layer formation128 and therefore the formation 
of one of these layers could account for the irreversible capacity noted 
here.  However, here the low voltage cut-off is 1V i.e. greater than the 
decomposition potential of 0.8V129, so no S.E.I. layer would be expected.  
A.C. impedance plots collected at various points of discharge for the 
nanowires and nanotubes are given above in figures 5.18 and 5.19 
respectively.  In all cases, and most importantly, at 1V only one semi-
circle is observed.  The capacitances calculated at 1V are 2.5μFcm-2 for 
the nanowires and 11μFcm-2 for the nanotubes.  These values are typical 
of a double layer capacitance and shows that there is no S.E.I. layer 
present in either case. It is important to note that the capacitances are 
normalised using the geometrical area of the electrode.  One might argue 
that the total surface area of the powder is more appropriate to use.  
However, previous studies in the literature130 found that the effective 
surface area of such electrodes and the resulting capacitances may be 
increased by a factor of 5, but not more.  However, even allowing for this, 
the fact that only one semi-circle is seen, though the capacitance may be 
slightly high, points to the lack of an SEI layer.  This is reinforced by 
TEM measurements. 
 
 
 
 
 
 
                                                 
128 R. Yazami, Electrochimica Acta, 1999, 45(1-2), 87. 
129 A. Andersson and K. Edstrom, Journal of the Electrochemical Society, 2001, 148(10), A1100. 
130 P. Novak, F. Joho, M. Lanz, B. Rykart, J. Panitz, D. Alliata, R. Kotz and O. Haas, Journal of Power 
Sources, 2001, 97-98, 39. 
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5.4.2 - Using T.E.M to determine the existence of a S.E.I 
 
T.E.M. was also used in an attempt to observe a S.E.I layer. 
 
 
Figure 5.20 – T.E.M. images of TiO2-B nanotubes (left) and TiO2-B nanowires (right) after being discharged to 1V. 
 
T.E.M. images of nanotubes and nanowires after discharging to 1V are 
shown in figure 5.20.  In neither case can any S.E.I. layer be observed 
 
5.5 – Irreversible Capacity 
 
The lack of detection of any S.E.I. layer led to further investigation into 
the cause of the irreversible capacity observed during the first cycle. 
 
5.5.1 – The Potential of Irreversible Capacity 
 
At what potential does the irreversible capacity arise?  To answer this 
question, the TiO2-B nanowire electrode was cycled to different lower 
cut-off potentials, figure 5.23. 
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Figure 5.23 – First cycle of TiO2-B nanowires at a rate of 10mA/g with various lower cut-off potentials. 
 
The figure, 5.23, shows that the irreversible capacity is the same as the 
lower voltage cut-off is increased from 1V to 1.55V.  At higher cut-off 
potentials, the irreversible capacity is reduced by 35%.  The potential of 
1.55V is significant as it accords with a peak in the incremental capacity 
plots, i.e. plateaux in the voltage versus composition curves.  Both these 
events link with the results of the neutron diffraction study in chapter 4, 
which showed lithium filling several sites; the first site up to the 
composition of Li0.4TiO2-B at 1.55V.  At higher lithium content (lower 
voltage), either a second site is filled or a second phase occurs.  The later 
suggestion comes from NMR data, which suggests the possibility of a 
two phase reaction.  However, the neutron diffraction peaks are too broad 
to confirm this.  This theory would be in keeping with the peaks on the 
incremental curves and could explain the ‘irreversible’ capacity. 
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5.5.2 – Voltage Hold Experiment 
 
To explore whether the capacity was truly irreversible, one 
discharge/charge cycle was completed at a low rate (10mA/g) and then 
the material was potentiostatically held at 3V for two days, before further 
cycling.  This experiment was performed at two different lower cut offs. 
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Figure 5.21 – First load curve of TiO2-B nanowires run at a rate of 10mA/g with a 3V hold. 
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Figure 5.22 – Discharge capacities of TiO2-B nanowires run at a rate of 10mA/g with and without a 3V hold. 
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Figure 5.23 – First load curve of TiO2-B nanowires run at a rate of 10mA/g with a 3V hold with a higher cut off. 
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Figure 5.24 – Discharge capacities of TiO2-B nanowires run at a rate of 10mA/g with and without a 3V hold with a higher cut 
off. 
 
It can be seen that under these potentiostatic conditions at a 1V cut off, a 
great deal of the remaining ‘irreversible’ capacity was removed (only 4% 
of the total discharge capacity remained as ‘irreversible’ capacity).  As 
shown in the load curve in figure 5.21 this corresponds to 12mAh/g of 
capacity being recovered. Clearly, as much of the capacity that is 
normally not recovered on cycling can be recovered in this case it is not 
truly irreversible. The discharge capacity plots in figure 5.22 show that 
the use of a voltage hold at the end of each cycle results in a higher 
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discharge capacity (in this case by 6%) upon subsequent cycles. Thus, 
approximately 40% of the ‘irreversible’ capacity is indeed reversible. 
However, when a higher cut off of 1.7V is used as can be seen in figures 
5.23 and 5.24, then all the capacity is recovered by the 3V hold.  This 
links with the neutron diffraction data, which suggests that there are two 
lithium sites which are filled at different points in the discharge.  
Therefore it would appear reasonable to suggest that all true irreversible 
capacity occurs when the second site is filled. 
 
5.5.3 – Different Electrolytes 
 
The influence of the electrolyte type on the irreversible capacity was also 
considered.  Several electrolytes were examined and are shown in figures 
5.24 and 5.25.  Only LiBOB shows any significant difference in the load 
curve.  This is associated with reduction process in LiBOB131 and is not 
associated with the irreversible capacity discussed here. 
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Figure 5.24 – First load curves of TiO2-B nanowires run at a rate of 10mA/g in different electrolytes.  
                                                 
131 K. Xu, S. Zhang and T. Jow, Electrochemical and Solid State Letters, 2003, 6(6), A117. 
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Figure 5.25 – Discharge capacity of TiO2-B nanowires run at a rate of 10mA/g in different electrolytes. 
 
5.5.4 – XANES Study 
 
To demonstrate further that the irreversible capacity is associated with the 
TiO2-B nanowires and not the electrolyte or some side reaction with the 
electrolyte, the oxidation state of the titanium at various points of 
discharge was investigated using XANES and by examining the lithium 
content using I.C.P. 
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Figure 5.26 – XANES study of TiO2-B nanowires run at various different cut offs. 
Material Oxidation State 
of Ti from ICP 
Oxidation State 
of Ti from 
XANES 
Li content 
from cell 
cycling 
As prepared 
Nanowires 
4+ 3.97+ 0 
Nanowires 
discharged to 1.8V 
3.72+ 3.66+ 0.12 
Nanowires 
discharged to 1.55V 
3.49+ 3.47+ 0.49 
Nanowires 
discharged to 1V 
3.12+ 3.11+ 0.92 
Nanowires charged 
to 1.55V 
3.17+ 3.32+ 0.62 
Nanowires charged 
to 1.8V 
3.49+ 3.66+ 0.32 
Nanowires charged 
to 2.5V 
3.71+ 3.79+ 0.05 
 
Table 5.2 – Oxidation states of TiO2-B nanowires during cycling determined by various methods. 
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The XANES and ICP results as reported in figure 5.26 and table 5.2 are 
mostly in good agreement with each other and with the expected 
oxidation state predicted from charge passed.  It can clearly be seen that 
as the cell is discharged, the oxidation state of the titanium is steadily 
lowered.  On charging, the titanium is oxidised as expected. At the end of 
charge, the oxidation state does not return to 4+, indicating that some 
lithium remains in the compound. This is confirmed by ICP.  These 
results confirm that the irreversible capacity is associated with some 
lithium becoming trapped in the structure, perhaps linked to 2 phases 
around 1.55V.  
 
5.5.5 – EXAFS Study 
 
The EXAFS data for LixTiO2-B nanowires is shown in figure 5.27. 
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Figure 5.27 – EXAFS study of TiO2-B nanowires stopped at various different cut offs. 
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It can clearly be seen in figure 5.27 that the pattern changes as the 
material is discharged and does not return to the original pattern after one 
complete cycle.  Most noticeable is the disappearance of the peak at 3.5Ǻ, 
which does not reappear after charging.  This corresponds to a titanium 
atom being reduced and then not being oxidised back to its original form.  
Detailed modelling is difficult until the issue of whether lithium 
intercalates or undergoes a two phase reaction is resolved. 
 
A number of ways have been found to improve the electronic 
conductance, of which adding more carbon was found to be the most 
successful.  The origin of the irreversible capacity on the first cycle was 
examined and was due to ‘trapped’ lithium and thus was partially 
reversible. This was found to be caused by lithium getting trapped in the 
second site.  
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Chapter 6 – Cycling Performance of 
Anatase Nanomaterials 
 
6.1 – Background 
 
Although the main focus of this thesis is the investigation of titanium 
dioxide nanotubes and nanowires based upon the TiO2-B crystal 
structure, due to its superior capacity compared with anatase, 
investigation of anatase nanotubes and nanowires has been carried out for 
comparison. The synthesis of these materials is reported in chapter 3 and 
here the behaviour of the material upon cycling is described.  Anatase, 
figure 6.1, is one of the most common polymorphs of TiO2, with corner 
and edge sharing TiO6 octahedra, arranged such as to form empty 
channels parallel to the c-axis direction of the unit cell (space group is 
I41)132. Anatase can accommodates lithium up to a composition of 
Li0.5TiO2133. Beyond this, a second phase forms with composition LiTiO2.  
This two phase reaction is partially responsible for the poor reversibility 
of lithium insertion into anatase. Bulk anatase can insert up to 0.5Li, but 
nanoparticle anatase (10nm diameter) has been shown, with its greater 
surface area to insert up to 0.65Li134.  This has been compared with the 
performance of the 1D anatase nanomaterials. 
 
                                                 
132 T. Feist and P. Davies, Journal of Solid State Chemistry, 1992, 101, 275. 
133 A. Stashans, S. Lunell, R. Bergstrom, A. Hagfeldt and S. Lindquist, Physical Review B, 1996, 
53(1), 159. 
134 Z. Liu, L. Hong and B. Guo, Journal of Power Sources, 2005, 143, 231. 
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Figure 6.1 – Diagram of anatase crystal structure.   
 
6.2 – Electrochemical Performance During the First Cycle. 
 
Anatase nanotubes and nanowires were ground with super s carbon and 
kynar binder (75:18:7 weight percent). This was pressed into a disk of 
13mm diameter and weight of active material no more than 15mg and 
then incorporated into a coin cell using a lithium electrode and a liquid 
electrolyte (1M LiPF6 in EC/DMC 1:1). 
 
6.2.1 – Voltage versus Composition at low rate. 
 
The variation of voltage with state of charge on the first discharge and 
charge is shown in figure 6.2.  A cell constructed identically, but using 
bulk anatase (particle size ≈ 500nm) as the electrode material was also 
examined and the results presented in the figure. 
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Figure 6.2 – Load curves of anatase nanowires, nanotubes and bulk material run at a rate of 50mA/g. 
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Figure 6.3  – Incremental plots of anatase nanowires, nanotubes and bulk material run at a rate of 50mA/g. 
 
 
The discharge capacity of the nanotubes on the first cycle at 50mA/g is 
equivalent to 0.81 lithium (corresponding to 275mAh/g).  The nanowires 
are able to intercalate slightly less lithium (0.75Li), which corresponds to 
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250mAh/g. Both exhibit considerably greater capacity than the bulk 
material (0.37Li or 125mAh/g). Slightly more lithium was intercalated at 
lower rates. Intercalation with bulk anatase exhibits a plateau (1.7V) 
consistent with a 2 phase reaction.  For the nanomaterials a similar 
plateau is reported (1.7V) up to a similar composition.  However, in 
contrast to the bulk, it is possible to continue to insert lithium, associated 
with a sloping profile (1.65V to 1V).  A similar trend is noticeable in the 
literature for nanoparticle anatase, however for the nanoparticles less 
capacity is exhibited in the sloping region (100mA/g compared to 
150mA/g) giving a lower total capacityiii.  The curves for the nanotubes 
and nanowires are very similar.  The only noticeably differences between 
the nanotubes and nanowires are slightly greater discharge capacity and 
greater irreversible capacity. This is a similar pattern to that noticed in 
chapter 4 and again is likely to be due to inferior kinetics or the 
contribution of other charge storage mechanisms. For all three materials, 
the processes occurring on discharge appear to be reversed on charge 
with similar peaks in all three materials, figure 6.3. This shows that the 
same basic redox procedures are present in all three materials135.   
Polarisation is low in all three curves. 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
135 M. Zukalova, M. Kablac, L. Kavan, I. Exnar and M. Graetzel, Chemistry of Materials, 2005, 17, 
1248. 
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6.2.2 – Voltage Versus Composition at Various Rates. 
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Figure 6.4 – Load Curves of the first cycle of anatase nanowires run at various rates. 
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Figure 6.5 – Load Curves of the first cycle of anatase nanotubes run at various rates. 
 
Figures 6.4 and 6.5 show how the rate influences the load curves for 
anatase nanotubes and nanowires.  The nanotubes exhibit slightly better 
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capacity retention on increasing rate than the nanowires (83% compared 
to 78%).  This follows the pattern noted in chapter 4 for the TiO2-B 
materials and for similar reasons (see chapter 4).  The shape of the load 
curves do not change significantly with rate, the main differences being 
greater polarisation and less well defined plateaux at higher rates. 
 
6.2.3 - Influence of Intercalation and Deintercalation of Lithium on 
Morphology. 
 
 
 
Figure 6.6 - TEM pictures of anatase nanotubes and nanowires after 200 cycles, which finished upon a discharge. 
 
 
Figure 6.6 shows anatase nanotubes and nanowires after 200 cycles at the 
end of discharge. This confirms that the morphology is mostly retained 
during cycling. There is no significant change in the dimensions of these 
nanomaterials.  Again the stability of the morphology upon cycling is 
similar to that observed for TiO2-B nanotubes and nanowires. 
 
6.2.4 – Variation of Structure upon Intercalation and Deintercalation of 
Lithium. 
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Powder X-ray diffraction data were collected for anatase nanotubes and 
nanowires at various states of discharge and charge, as shown in figures 
6.7 and 6.8 for the nanowires and nanotubes respectively. 
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Figure 6.7 – Powder XRD of anatase nanowires at various stages of discharge. 
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Figure 6.8 – Powder XRD of anatase nanotubes at various stages of discharge. 
 
Considering first the nanowires, it is apparent that on discharge and 
subsequent half charge that the anatase peaks do not move but additional 
peaks become apparent.  The structural changes correspond to those 
known for bulk anatase, i.e. a 2 phase intercalation process between TiO2 
and Li0.5TiO2 for the first half discharge.  Interestingly, the material 
continues to accept lithium and a second phase becomes more obvious; A 
lithium poor and a lithium rich phase136.  This is most easily seen by 
examining the peak at around 25° 2θ, which forms two peaks when 
lithium is inserted137. 
                                                 
136 M. Wagemaker, G. Kearley, A, Van Well, H. Mutka and F. Mulder, Journal of the American 
Chemical Society, 2003, 125, 840. 
137 V. Luca, T. Hanley, N. Roberts and R. Howe, Chemistry of Materials, 1999, 11, 2089. 
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6.3 – Electrochemical Performance During Subsequent Cycles. 
 
The variation of charge and discharge voltage with cycle number is 
explored for anatase nanowires and nanotubes in figures 6.9 to 6.12. 
 
6.3.1 – Voltage Versus Composition 
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Figure 6.9 – Load curves of several cycles of anatase nanowires run at a rate of 50mA/g. 
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Figure 6.10 – Incremental plots of several cycles of anatase nanowires run at a rate of 50mA/g. 
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Figure 6.11 – Load curves of several cycles of anatase nanotubes run at a rate of 50mA/g. 
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Figure 6.12 – Incremental plots of several cycles of anatase nanotubes run at a rate of 50mA/g. 
 
The evolution of the load curves upon cycling is very similar for both the 
nanotubes and nanowires.  There is a significant change between the first 
and subsequent cycles, with the disappearance of the irreversible capacity 
and a major reduction in polarisation. The extra discharge capacity on the 
first cycle is very similar to the irreversible component.  This would be 
consistent with the irreversible component being created on the first 
discharge and then following this, the load curves are remarkably similar 
and reversible. The incremental plots do not highlight the changes 
between the first and second cycles, as being derivatives of the load 
curves, they emphasise the plateaux.  These plateaux occur at similar 
potentials for all load curves. 
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Figure 6.13 – Discharge capacities of anatase nanowires run at a range of rates. 
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Figure 6.14– Discharge capacities of anatase nanotubes run at a range of rates. 
 
The capacity retention upon cycling at different rates for the nanowires 
and nanotubes is plotted in figures 6.13 and 6.14 respectively. These 
figures show that the materials have high capacities at most rates and 
little fade. Both the nanotubes and nanowires have 99.4% capacity 
retention per cycle at 50mA/g from the second cycle onwards. The 
irreversible capacity on the first cycle declines with increasing rate. 
Discharge capacity is slightly lower than for the corresponding TiO2-B 
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nanomaterials (at 10mA/g discharge capacity for the TiO2-B nanotubes 
and nanowires on the first cycle is 345 and 310mAh/g respectively, 
whereas for the anatase materials it is 300 and 275mAh/g respectively).  
The fade rates are again very low and changing the rate has little effect. 
Again, as for the TiO2-B nanomaterials, the nanotubes have higher 
discharge capacities than the nanowires, presumably due to the higher 
surface area (see chapter 4).  
 
6.3.2 – Advantage of 1D Nanoparticles 
 
In order to investigate the role of the 1D morphology on the performance; 
cells were constructed with bulk and ultra-fine anatase, to compare with 
the anatase nanotubes and nanowires.  All cells were constructed 
identically with the same loading of active material in each case. 
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Figure 6.15 – Discharge capacities of various morphologies of anatase. 
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Material Surface area (m2/g) 
Anatase nanotubes 181.4 
Anatase nanowires 22.4 
Ultra-fine anatase 59.2 
Bulk anatase 19.1 
 
Table 6.1 – Surface area of anatase materials as calculated from BET measurements 
 
The performance of anatase materials is shown together with their surface 
areas in figure 6.15 and table 6.1 respectively.  The superior capacity 
upon cycling of the ultra-fine anatase compared with the bulk material 
can be attributed to the higher contact area with the electrolyte and the 
shorter Li+ and e- diffusion distances in the particles.  More interestingly, 
it can be seen that although the surface areas are in some cases are similar 
(e.g. bulk anatase and anatase nanowire), the 1D nanomaterials, namely 
the nanotubes and nanowires exhibit a better performance.  We propose 
that the 1D nanomorphology maintains better particle contact. The 
nanowires and nanotubes ensure better contact between the particles than 
0D nanoparticles because only a single point of contact is necessary along 
a micrometer long nanowire to ensure electron transport throughout the 
electrolyte. Nanoparticles have to ensure many more points of contact 
throughout the electrode material to ensure electron transport.  Volume 
changes which accompany charge and discharge make disconnections 
more likely. At the same time the reduced dimensions of the nanowires 
and nanotubes in the other two directions ensures transport of lithium 
ions within the nanomaterials.  Hence the 1D morphology is a good 
compromise between many competing factors. The nanotubes, which 
have the highest surface area, also have the best performance.  In the case 
of the nanotubes, lithium intercalation occurs within the 30Å tube walls, 
thus reducing the diffusion distance and increasing the contact area with 
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the electrolyte. It is interesting to note that irreversible capacity only 
appears with the nanomaterials and is seen in the literature with 
nanoparticlesiii.  This may be due to the larger amount of lithium being 
intercalated. 
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Chapter 7 – Titanate Nanotubes and Nanowires 
 
 
7.1 – Background 
 
Chapter 3 concentrated on nanotubes and nanowires with the TiO2 
composition, however, the earliest attempts to synthesise such materials 
hydrothermally resulted in nanotubes that were hydrogen or sodium 
hydrogen titanates.  The authors of these reports believed initially that 
these materials had TiO2 composition138, in particular, anatase 
structure139.  Since then, detailed studies by various authors have 
concluded that the nanotubes have H2Ti4O9140 or H2Ti3O7 structure141.  
Recently Peng and his group have done studies to shown how the 
nanotubes are formed and conclude that titanate layers form which peel 
off and scroll to form nanotubes due to hydrogen deficiency142.  
 
In this chapter, titanate nanotubes and nanowires are synthesised 
hydrothermally.  Their structure, composition and properties as lithium 
intercalation hosts have also been investigated. 
 
7.2 – Synthesis 
 
The synthesis procedure reported by Kasugai resulted in titanate 
nanotubes in low yield and insufficient purity for extensive measurement 
to be conducted on these materials.  The synthesis conditions were varied 
to determine the optimal conditions to produce titanate nanotubes in high 
                                                 
138 T. Kasuga, M. Hiramatsu, A. Hoson, T. Sekino and K. Niihara, Langmuir, 1998, 14, 3160. 
139 T. Kasuga, M. Hiramatsu, A. Hoson, T. Sekino and K. Niihara, Advanced Materials, 1999, 11, 1307 
140 Y. Suzuki and S. Yoshukawa, Journal of Materials Research, 2004, 19 (4), 982. 
141 Q. Chen, W. Zhou, G. Du and L. Peng, Advanced Materials, 2002, 14, 1208. 
142 S. Zhang, L. Peng, Q. Chen, G. Du, G. Dawson and W. Zhou, Physical Review Letters, 2003, 
91(25), 256103. 
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yield and high purity.  A summary of the conditions used is given in table 
7.1. 
 
Temperature 
(°C) 
Mass 
of TiO2 
(g) 
Volume of 
NaOH 
(ml) 
Concentration of 
NaOH (M) 
Yield of 
Nanotubes (by 
TEM) (%) 
150 6 33 10 70 
170 6 33 10 85 
190 6 33 10 85%+ 
nanowires 
170 6 33 7.5 25 
170 6 33 15 95%+ 
nanowires 
170 3 33 10 5 
170 9 33 10 65 
     
Table 7.1 – Synthesis variation parameters. 
The optimal method involved stirring anatase (6g) with a 10M sodium 
hydroxide solution (33ml) for one hour and then placed in a hydrothermal 
bomb (40ml) for 3 days at 170°C.  The resulting product was washed 
with distilled water and was found to yield high quality nanotubes.  
 
By increasing the temperature was increased to 190°C or increasing the 
concentration of sodium hydroxide solution to 15M, then titanate 
nanowires formed.  This suggests that increasing the pressure inside the 
hydrothermal bomb favours the formation of nanowires in preference to 
nanotubes.  This is not surprising given that the nanowires are denser than 
the nanotubes. The synthesis used to create the titanate nanowires is as 
follows:  anatase (6g) was stirred with a 15M sodium hydroxide solution 
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(33ml) for one hour and then placed in a hydrothermal bomb (40ml) for 3 
days at 170°C.  The resulting product was washed in distilled water and 
dilute HCl (0.05M). 
 
7.3 - Characterisation  
 
The structure and morphology of the titanate nanotubes and nanowires 
have been examined using a number of techniques. 
 
7.3.1 – Morphology 
 
Transmission electron microscopy (TEM) was used to examine the 
morphology of the titanate nanotubes.  The nanotubes have a typical 
diameter of 10nm and an inner diameter of around 8nm.  The nanotubes 
can extend up to several hundred nanometres in length, figure 7.1.  
Examination of high resolution TEM data (figure 7.2) demonstrates that 
the nanotubes are formed by scrolling.  The nanowires have a diameter of 
20 to 50nm and can be up to 10µm in length, as can be seen in figure 7.3.  
Both the nanotubes and nanowires would appear to have high surface 
area due to their morphology, making them useful for a number of 
applications. 
 
 
 
. 
 
 
 
Figure 7.1 – TEM image of titanate nanotubes in high yield. 
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Fig7.2 – High resolution images of titanate nanotubes.  
 
 
 
Fig. 7.3 – TEM of a titanate nanowire. 
 
7.3.2 - Structure 
 
Powder x-ray diffraction was used to elucidate the crystal structure of the 
titanate nanotubes and nanowires.  The composition was shown to be that 
of hydrogen titanates after the sodium had been removed through acid 
washing. 
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Figure 7.4 – XRD powder patterns comparing titanate nanomaterials with a) bulk anatase and b) H2Ti3O7 and H2Ti4O9. 
 
First it may be noted from figure 7.4 a) that the crystallinity is greater for 
the nanowires than for the nanotubes. The PXRD pattern for the former 
exhibits more peaks and the peaks are sharper than those in the nanotube 
pattern.  This is consistent with the fact that the nanotube wall thickness 
is only 20 - 30Å, compared with the nanowires, which have a diameter of 
20 – 50nm.  This results in a greater cadence length for the nanowires.  In 
addition to the differences, it is clear that the structures for the nanowires 
 137
and the nanotubes are different. Comparison of the powder XRD patterns 
for the nanowires and the nanotubes with that of the anatase pattern 
clearly demonstrates that neither the nanotubes nor the nanowires adopt 
the anatase structure.  There may be, however, a small amount of 
unreacted anatase present as evidenced by the peak at 25° 2θ.   
 
Figure 7.4b) compares the PXRD pattern for the nanotubes and the 
nanowires with those for bulk H2Ti3O7.H2O and H2Ti4O9.H2O. The major 
peaks of both the nanowires and nanotubes are better represented by the 
H2Ti4O9.H2O peaks.  This contradicts previous work based on TEM 
studies, which interpreted the structure as that of H2Ti3O7.H2Oiv.   
 
Indeed, it would appear that the nanotubes and nanowires are actually 
formed of H2TinO2n+1 phase. All phases of this type are based on a stepped 
layered structure, as shown in figure 7.5, composed of ribbons of edge 
and corner sharing TiO6 octahedra going to stepped sheets. The H+ ions 
reside between the sheets, which are also linked by corner sharing 
oxygens.  Different members of the H2TinO2n+1 family have different 
numbers of octahedra in each ribbon.  Water is also generally present 
between the layers.  The hydrothermal synthesis described earlier yields 
Na2TinO2n+1. The hydrogen titanates are obtained from the alkali metal 
titanates by exchanging the alkali metal with H+.  This process replaces 
the majority of the sodium ions with hydrogen ions as can be seen from 
the ICP and EDX results which are given in table 7.2. 
 
Although the PXRD patterns do show strong features of H2Ti4O9.H2O, 
the pattern of this phase does not completely match either that of the 
nanowires or the nanotubes. In the case of the nanowires, extra peaks are 
present compared to the bulk H2Ti4O9.H2O.  In the case of the nanotubes, 
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there is clearly a peak at lower angle than the lowest angle peak for 
H2Ti4O9.H2O, thus indicating a larger spacing between the layers than 
could be in H2Ti4O9.H2O. 
 
 
 
 
Figure 7.5 – Diagrammatical representation of H2Ti3O7.H2O. 
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The Raman spectra of these compounds were examined to give further 
information on the structure. 
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Figure 7.6  – Raman comparison graph of nanotubes and various titanates. 
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Figure 7.7  –Raman spectrum comparing nanowires and various bulk titanates. 
 
The Raman spectra for titanate nanotubes and nanowires are shown in 
figures 7.6 and 7.7 respectively along with those for H2Ti3O7.H20 and 
H2Ti4O9.H2O.  These spectra would appear to agree with the XRD 
patterns that there is a strong link with H2Ti4O9.H2O, although this does 
 140
not exactly match, leading to the conclusion that the nanotubes and 
nanowires have a mixed titanate structure. Any differences between the 
two techniques can be explained by the raman detecting order too short 
range for XRD to detect. 
 
7.3.3 – Chemical Composition 
 
The chemical composition of these materials was investigated using TG-
MS and ICP.  The ICP results are given in table 7.2 and show high levels 
of sodium in the as prepared material, which is then largely washed out 
with acid.  The TG-MS given below in figures 7.7 and 7.8, indicates the 
presence of both water and H+ ions in both the nanotubes and nanowires. 
Material Ratio of Na to Ti (Molar) 
As prepared titanate nanowires 1:7.563 
As prepared titanate nanotubes 1:7.101 
Acid washed titanate nanowires 1:43.42 
Acid washed titanate nanotubes 1:26.0 
 
Table 7.2 – ICP data on sodium concentration. 
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Figure 7.8 – TG-MS of titanate nanotubes heated at 5°C/min. 
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Fig 7.9 - TG-MS of titanate nanowires heated at 5°C/min. 
 
 
7.4 – Electrochemical Performance of Titanate Nanomaterials 
 
Titanate nanotubes and nanowires were ground with super s carbon and 
kynar binder (75:18:7 weight percent). This was then pressed into a disk 
of 13mm diameter and weight of active material no more than 15mg.  
This was then incorporated into a coin cell using a lithium electrode and a 
liquid electrolyte (1M LiPF6 in EC/DMC 1:1). 
 
7.4.1 – Evolution of Load Curves 
 
The load curves of for the acid washed nanowires and nanotubes are 
presented in figures 7.10 and 7.11.  Comparing the acid washed 
nanotubes and nanowires, it is clear that the former exhibit a more 
sloping voltage than the later, but that the potentials are similar with an 
average discharge voltage in the range of 1.4V to 1.5V. There is a greater 
decay in the shape of the load curve for the nanotubes on cycling and a 
greater irreversible capacity loss on the first cycle (50mAh/g for the 
nanotubes and 35mAh/g for the nanowires).  The nanotubes exhibit a 
much higher 1st discharge capacity of 240mAh/g compared with 
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150mAh/g for the nanowires.  The plot of discharge capacity with cycle 
number is shown in figures 7.14 and 7.15 respectively and shows the 
effect of rate on the discharge capacity.  The titanate nanotubes and 
nanowires exhibit a rapid decline in capacity in the first few cycles, but 
thereafter capacity is relatively stable.  The rate capacity of nanotubes is 
much better than that of the nanowires, which show a more pronounced 
drop in capacity at higher rates. 
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Figure 7.10 – Load curves of acid washed titanate nanowires run at a rate of 50mA/g. 
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Figure 7.11 – Load curves of acid washed titanate nanotubes run at a rate of 50mA/g. 
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7.4.2 – Incremental Curves 
 
The incremental curves of these materials were also examined. 
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Figure 7.12 – Incremental curves of acid washed titanate nanowires run at a rate of 50mA/g. 
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Figure 7.13 – Incremental curves of acid washed titanate nanotubes run at a rate of 50mA/g. 
 
The incremental curves for the titanate nanomaterials can be seen above 
in figures 7.12 and 7.13.  The processes for each peak are hard to assign, 
however, it can be seen that there is little difference with the load curves 
as to where capacity is generated.  It should be noted that hysteresis is far 
greater for the nanotubes compared to the nanowires.  It is presumed that 
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this is a size effect, with the nanotubes having a much smaller particle 
size and therefore acting differently.  It should be noted that in all three 
figures, the first discharge is slightly different to the subsequent cycles.  
This can also be seen in the load curves, where there is a great deal of 
irreversible capacity, but only on the first cycle.  This must relate to an 
irreversible process that occurs when lithium is first inserted into the 
material. 
 
7.4.3 – Discharge Capacities 
 
The electrochemical performance of the acid washed titanate nanotubes 
and nanowires was investigated. 
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Fig 7.14 –Discharge Capacity plots of acid washed titanate nanowires. 
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Fig. 7.15 Discharge capacity plots of acid washed titanate nanotubes. 
 
This performance of the titanate nanowires and nanotubes, shown in 
figures 7.14 and 7.15 was encouraging but these particular materials had 
low capacities, which led us to further investigate these materials through 
heat treatment as can be seen in earlier chapters.  Since this work was 
completed, other groups have managed to get good performance with 
acid washed titanate nanowires and nanotubes143.  However, it was noted 
that the nanotubes gave considerably better discharge capacity and had a 
better rate capability upon cycling.  The higher capacity may be due to 
the higher surface area that the nanotubes possess and the better rate 
capability due to shorter Li+ and e- diffusion distances, caused by the 
smaller particle size. 
 
Based on the PXRD, Raman and ICP results, the structure of these 
materials appear, after acid washing, to be of mixed titanates, possibly of 
the form HxTinO2n+1.  The electrochemistry showed that the acid washed 
titanate nanotubes gave higher discharge capacities and exhibited better 
rate capability than the acid washed titanate nanowires.  They did, 
                                                 
143 J. Li, Z. Tang and Z. Zhang, Chemistry of Materials, 2005, 17, 5848. 
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however, exhibit higher irreversible capacity.  In general, the 
electrochemical performance of these materials was not found suitable for 
further investigation.  However, this work acted as a starting point for the 
investigation into TiO2-B nanomaterials, which were shown to be much 
more successful candidates for electrode material in lithium batteries. 
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Chapter 8 – VO2-B Nanomaterials 
 
8.1 – Background 
 
Previous chapters have examined the synthesis and electrochemistry of 
TiO2-B nanomaterials with interesting morphologies and their 
possibilities as electrode materials in rechargeable lithium batteries.  This 
chapter focuses upon materials with the same structure; VO2-B144. The 
synthesis of VO2-B nanowires in various forms is reported and the 
possibility of using them as electrode materials in lithium batteries is 
examined. 
  
Bulk VO2-B can be prepared by a number of techniques, including 
thermal decomposition of V2O5 in a reductive atmosphere145 and by 
reducing alkali metal vanadates with borohydrides146. VO2-B nanowires, 
however, may be prepared by a simple hydrothermal technique, which 
involves low temperatures and inexpensive starting materials147.  This 
simple technique can produce nanowires of high quality and quantity.  
These nanowires have already shown promising results when tested in 
lithium batteries148 and this is further examined in this chapter. 
 
8.2 – Synthesis 
 
VO2-B nanowires have been produced from a simple hydrothermal 
reaction.  This reaction involves stirring V2O5 (0.6g) with ethylene glycol 
                                                 
144 F. Theobald, Journal of Less-Common Metals, 1977, 53, 55. 
145 Y. Oka, T. Yao and N. Yamamoto, Journal of Materials Chemistry, 1991, 1(5), 815. 
146 C. Tsang and A. Manthiram, Journal of the Electrochemical Society, 1997, 144, 520. 
147 W. Chen, J. Peng, L. Mai, H. Yu and Y. Qi, Chemistry Letters, 2004, 33(10), 1366. 
148 A. Kannan and A. Manthiram, Solid State Ionics, 2003, 159(3-4), 265.  
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(10ml) and water (30ml) and heating this mixture in a hydrothermal 
bomb (43ml volume) at 180°C for two days4.  The product was then 
washed with water and ethanol.  This method produced VO2-B nanowires 
with a diameter of 50 to 100nm and a length of up to several micrometers 
(yield =0.57g).  By lowering the pressure inside the hydrothermal bomb, 
through using less water (10ml compared to 30ml), much thinner 
nanowires were obtained.  These have a diameter of 2 to 5nm and are 
very narrow to have been made by a hydrothermal method.  These 
nanowires have a higher surface area, are smaller particles and form in 
preference when less pressure is used.  These reactions were found to be 
reliable and small changes (±10%) in volume of water used, temperature 
and mass of V2O5 used were found to have little or no effect on the 
resultant products. 
 
8.3 – Characterisation 
 
The VO2-B nanowires have had their structure and morphology 
characterised by using TEM, PXRD and electron diffraction.  
 
8.3.1 – Morphology 
 
TEM images for the two types of VO2-B nanowires are shown in figures 
8.1 and 8.2. 
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Figure 8.1 – TEM pictures of standard VO2-B nanowires at three different magnifications. 
 
 
Figure 8.2 - TEM pictures of ultra-thin VO2-B nanowires at three different magnifications. 
 
These images show standard and ultra-thin VO2-B nanowires.  As shown, 
standard VO2-B nanowires have a diameter in the range of 50-100nm and 
can be up to several micrometers in length.  The ultra-thin nanowires 
have a much smaller diameter of 2-5nm and can be up to several hundred 
nanometres in length.  These form in bundles with all nanowires lying in 
the same direction. For both types of nanowires, the long axis of the 
nanowires lies along the 001 crystallographic direction and the wires are 
largely single crystals as demonstrated by the lattice fringes. Both of 
these syntheses produce the respective nanowires in high quality and high 
quantity (standard wires - 95+% yield and ultra-thin wires – 90% yield). 
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8.3.2 – Structure 
 
Powder x-ray diffraction and electron diffraction was used to investigate 
the crystal structure of these materials. 
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Figure 8.3 – Powder XRD patterns comparing standard and ultra-thin VO2-B Nanowires. 
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Figure 8.4 – Powder XRD patterns comparing standard and sonicated ultra-thin VO2-B Nanowires 
 
The standard and the ultra-thin nanowires have PXRD patterns, figure 
8.3, that, although similar, have some differences.  A standard pattern for 
VO2-B is shown for comparison. The pattern for the standard VO2-B 
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nanowires is identical to the traditional VO2-B pattern, however the ultra-
thin nanowires have considerably broader peaks, some peaks that have 
been slightly shifted position and some peaks with changed intensity (e.g. 
10° 2θ).  The broader peaks are due to the ultra-thin nanowires having a 
diameter narrow enough to result in an x-ray coherence length (<600Å) 
small enough to induce peak broadening.  This does not happen to any 
great degree in the larger standard nanowires. The peak shifts and 
changes in intensity are believed to occur due to the extreme preferred 
orientation, caused by the ultra-thin nanowires lying in bundles along the 
same axis (001).  These peak positions are all allowed.  When this 
material is sonicated to remove this preferred orientation, then the XRD 
pattern is much closer to that of the standard VO2-B, figure 8.4. 
 
Figure 8.5 shows the high-resolution TEM images, which highlight the 
single crystal aspect of these nanowires.   
 
 
 
 
 
 
 
 
Figure 8.5 – High-resolution TEM and electron diffraction images of a) standard and b) ultra-thin VO2-B nanowires. 
 
From the electron diffraction images and by measuring the lattice fringes 
along different axes, the lattice parameters could be calculated.  In both 
cases, these were shown to be in good agreement with those in the 
literature for VO2-Bii, table 8.1, and both could be indexed with the 
200 
110 
200 
110 
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monoclinic unit cell C2/m.  It was noted that when examining the ultra-
thin VO2-B nanowires, a small amount of VO2-A nanoparticles were 
discovered (less than 10%) which was undetected by powder XRD due to 
the small amount and due to the similarity of the VO2-B and VO2-A 
patterns. 
 
Material A (Å) B (Å) C (Å) 
Literature VO2-B 12.03 3.693 6.42 
Standard VO2-B nanowires 11.6 3.6 6.2 
Ultra-thin VO2-B nanowires 11.6 3.6 6.0 
    
 
Table 8.1 – Lattice parameters calculated from high-resolution TEM. 
 
 
Figure 8.6 – Diagrammatical image of VO2-B. 
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Both of these nanowires have been shown to have the VO2-B structure, 
figure 8.6.  This structure is very similar to that of TiO2-B, described in 
chapter 3 with VO6 octahedra sharing both corners and edges to generate 
a corrugated layered structure with channels in between the layers.  This 
makes it a good candidate for use in lithium batteries as this should allow 
unhindered lithium intercalation and deintercalation.  
8.4 – Electrochemical Performance 
 
VO2-B nanotubes and nanowires were mixed with super s carbon and 
kynar binder (75:18:7 weight percent). This was then pressed into a disk 
of 13mm diameter and weight of active material no more than 15mg.  
This was then incorporated into a coin cell using a lithium electrode and a 
liquid electrolyte (1M LiPF6 in EC/DMC 1:1). 
 
8.4.1 – Voltage Versus Composition on the First Cycle 
 
The electrochemical performance of the VO2-B nanowires was 
investigated by cycling the material galvanostatically. 
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Figure 8.7 – Load curves of VO2-B standard and ultra-thin nanowires run at a rate of 10mA/g.  
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Figure 8.8 – Incremental curves for standard and ultra-thin VO2-B nanowires run at a rate of 10mA/g in LiPF6 in EC/DMC. 
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The load curves for standard and ultra-thin VO2-B nanowires are shown 
in figure 8.7.  Both materials are able to insert a large amount of lithium 
(0.84Li for the ultra-thin nanowires and 0.57Li for the standard 
nanowires).  The ultra-thin nanowires are able to insert more lithium, 
which possibly reflects faster kinetics due to their smaller particles size 
and greater surface area. The curves are broadly similar in shape.  
However, there is a more distinctive plateau in the case of the standard 
nanowires. Looking now at the incremental plots, it can be seen in figure 
8.8 that there are some key differences between the plots of the standard 
VO2-B nanowires and the ultra-thin nanowires.  The standard nanowires 
exhibit a sharp pair of peaks corresponding to the well defined plateau in 
the load curves.  In contrast, the ultra-thin nanowires exhibit much 
broader pairs of peaks.  One such pair (≈2.5V) clearly corresponds to the 
same process as the plateau in the standard wires curve.  However, there 
are also additional peaks at around 2.05V and 2.65V. 
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8.4.2 – Voltage Versus Composition on Subsequent Cycles 
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Figure 8.9 – VO2-B standard nanowires run at a rate of 50mA/g in LiPF6 in EC/DMC. 
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Figure 8.10 – VO2-B ultra-thin nanowires run at a rate of 50mA/g in LiPF6 in EC/DMC. 
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Figure 8.11 – Incremental curves for standard VO2-B nanowires run at a rate of 10mA/g in LiPF6 in EC/DMC. 
 
2.0 2.5 3.0 3.5 4.0
-30
-20
-10
0
10
20
30
Ultra-thin VO
2
-B Nanowires run at a rate of 50mA/g
dQ
/d
E
Voltage (V)
 Cycle 1
 Cycle 2
 Cycle 5
 Cycle 10
 
Figure 8.12 – Incremental curves for ultra-thin VO2-B nanowires run at a rate of 10mA/g in LiPF6 in EC/DMC. 
 
Results of the cycling experiments on these materials are shown in 
figures 8.9, 8.10, 8.11 and 8.12.  For both standard and ultra-thin 
nanowires, it can be seen that the shapes of the curves stay the same 
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during cycling. The standard nanowires are particularly stable with the 
well defined plateau remaining on cycling and have no change in voltage 
over the cycles.  The capacity of the standard nanowires also remains 
very stable during cycling and drops only 20mAh/g.  The ultra-thin 
nanowires, on the other hand, show a greater change on cycling. The 
plateau shifts to lower voltage and the capacity, initially significantly 
higher (240mAh/g compares to 200mAh/g for the standard nanowires), 
fades more dramatically to 175mAh/g after ten cycles. 
 
8.4.3 – Discharge Capacities  
 
The variation in the discharge capacities with cycle number and rate was 
explored in greater depth in figures 8.13, 8.14 and 8.15. 
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Figure 8.13 – Discharge capacities of standard and ultra-thin VO2-B nanowires run at a rate of 50mA/g in LiPF6 in EC/DMC. 
 
Examining figure 8.13, it is clear that although the ultra-thin nanowires 
have a higher initial capacity (240mAh/g compared to 200mAh/g), this 
advantage is significantly reduced after the first cycle.  The higher initial 
capacity may be due to reactions on the surface of the particles that are 
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largely irreversible.  Indeed, examining figure 8.10 confirms that the 
additional capacity is largely associated with the first discharge and is not 
maintained on the subsequent discharges.  Thereafter, the capacities of 
the standard and ultra-thin nanowires are similar although the later fades 
more.  The performance of each material at a range of rates is examined 
in figures 8.14 and 8.15. 
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Figure 8.14 - Discharge capacities of standard VO2-B nanowires run at a range of rates in LiPF6 in EC/DMC. 
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Figure 8.15 - Discharge capacities of ultra-thin VO2-B nanowires run at a range of rates in LiPF6 in EC/DMC. 
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The standard VO2-B nanowires perform well. The capacity retention after 
a small drop on the first cycle is similar at all rates (99.78%) and the 
capacity is reduced by only 25% on increasing the rate ten fold (50mA/g 
to 500mA/g). The ultra-thin nanowires in figure 8.15 are somewhat 
different. The drop in capacity on the first cycle is also evident in figure 
8.15 at all rates.  Although the capacity fade is broadly similar at all rates, 
there is a marked reduction in capacity in going from 200mA/g to 
500mA/g, which is unexpected given that changing from 50mA/g to 
200mA/g has little effect on the capacity.  
 
8.5 – Electrochemical Performance with Other Electrolytes 
 
Cells were prepared as described above, but using different electrolytes.  
A concentration of 1 molar was used throughout. 
 
8.5.1 – Using Different Salts in EC/DMC 
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Figure 8.16 – Standard VO2-B nanowires run at a rate of 50mA/g in a range of salts. 
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Figure 8.17 – Standard VO2-B nanowires run at a rate of 50mA/g in a range of salts. 
 
The performance of the standard VO2-B nanowires was examined using 
different salts in EC/DMC as shown in figures 8.16 and 8.17.  The load 
curves for the first cycle in each case are similar.  The main difference is 
a small increase in polarisability and a small drop in capacity with the 
non-commercially prepared electrolytes (all bar LiPF6 in EC/DMC).  
LiBOB has a lower conductivity in EC/DMC149 than the other salts; 
however, this is not sufficient to explain the additional polarisation. 
During cycling, capacity in these electrolytes is lower; however, fade and 
irreversible capacity are very similar.  This leads to the conclusion that 
standard VO2-B nanowires can be run successfully in any of these 
electrolytes. 
 
 
 
 
 
                                                 
149 K. Xu, S. Zhang, U. Lee, J. Allen and T. Jow, Journal of Power Sources, 2005, 146 (1-2), 79. 
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8.5.2 – Using Propylene Carbonate as the Solvent 
 
The electrochemical performance of VO2-B nanowires in LiPF6 in 
propylene carbonate (PC) was examined. 
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Figure 8.18 – VO2-B nanowires run at a rate of 10mA/g. 
 
The first cycle load curve for standard, ultra-thin and ball-milled standard 
VO2-B nanowires is given in figure 8.18.  In this electrolyte, the load 
curves of all three materials have a similar shape; the polarisation 
(separation of charge and discharge curves) is very similar as is the 
voltage of the plateaux.  The only difference is the superior discharge 
capacity of the ultra-thin nanowires (260mAh/g compared to 200mAh/g), 
which is expected because of the smaller particle size (shorter diffusion 
lengths).  In all cases, the discharge capacity is lower in the LiPF6 PC 
electrolyte compared to that in LiPF6 in EC/DMC.  In the case of the 
ultra-thin nanowires, the reduction in discharge capacity is 13%. 
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Figure 8.19 – Standard VO2-B nanowires run at a rate of 50mA/g in LiPF6 in PC for several cycles. 
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Figure 8.20 – Ultra-thin VO2-B nanowires run at a rate of 50mA/g in LiPF6 in PC for several cycles. 
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Figure 8.21 – Incremental curves for VO2-B nanowires run at a rate of 10mA/g. 
 
The load curves as a function of cycle number for standard and ultra-thin 
VO2-B nanowires in LiPF6 in PC are shown above in figures 8.19 and 
8.20.  In the case of the standard nanowires, the load curves do not vary 
upon cycling except for some slight fade in the capacity.  The ultra-thin 
nanowires exhibit a change from cycle 1 to cycle 2 associated with a 
change in capacity from 260 to 225mAh/g, although the basic shape of 
the curve does not change.  From cycle 2 onwards, the load curves are 
very stable.  It may be noted that the irreversible capacity on the first 
cycle is somewhat lower for the standard nanowires than for the ultra-thin 
nanowires, but the polarisation is slightly greater.   
 
The incremental capacity plots are shown in figure 8.21 for the same 
cycles as in figures 8.19 and 8.20, but at the lower rate of 10mA/g.  The 
slopes of the curves for the standard and ultra-thin VO2-B nanowires are 
similar; much more so than was the case in EC/DMC.  In the latter 
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solvent, the standard nanowires exhibited a very sharp pair of peaks 
corresponding to the very flat plateau on the load curves. 
 
The differences between the different electrolytes are not expected if the 
electrochemistry were governed by full intercalation.  Also, in the case of 
LiPF6 in EC/DMC electrolyte (figures 8.9 and 8.10), the larger 
polarisation for the ultra-thin nanowires is unexplained.  We suggest that 
the behaviour described in the previous pages is indicative of a S.E.I. 
layer formation, which influences the electrochemistry150. 
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Figure 8.22 – VO2-B nanowires run at a rate of 50mA/g. 
                                                 
150 M. Zhang and J. Dahn, Journal of the Electrochemical Society, 1996, 143 (9), 2730. 
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Figure 8.23 – Ultra-thin VO2-B nanowires run at a range of rates in LiPF6 in PC for several cycles. 
 
Variation of capacity with cycle number is shown in figures 8.22 and 
8.23.  The fade (99.4% per cycle at 50mAh/g) for both forms of VO2-B 
nanowires is similar although the ultra-thin nanowires have a higher 
capacity throughout (250mAh/g compared to 175mAh/g).  However, the 
ultra-thin nanowires do exhibit a smaller overall capacity in the PC 
electrolyte compared with the EC/DMC electrolyte, losing roughly 
25mAh/g at a rate of 50mA/g on going from EC/DMC to PC. The 
standard nanowires also have lower capacity, but have similar fade in PC 
and EC/DMC, whereas the ultra-thin nanowires retain greater amounts of 
capacity in PC compared with EC/DMC.  In both cases, the irreversible 
capacity on the first cycle seems unchanged.  The ultra-thin nanowires 
have considerable higher capacity than the standard nanowires 
(260mAh/g compared to 180mAh/g) and the performance at lower rates 
is highly encouraging, with a steady 200mAh/g being achieved at 
50mA/g. 
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8.5.3 – Using Salts Which Do Not Produce Hydrofluoric Acid (HF) 
 
One possible origin of the difference seen in different electrolytes could 
be due to differing amounts of HF, which can promote dissolution of 
VO2-B. Acid has previously been shown to dissolve VO2-B and to harm 
the cycling performance of the bulk material7. To investigate this a 1M 
lithium triflate in propylene carbonate and 1M lithium bis(oxalto)borate 
(LiBOB) in propylene carbonate were investigated. 
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Figure 8.24 – First cycle load curves of ultra-thin VO2-B nanowires in various electrolytes run at a rate of 10mA/g.  
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Figure 8.25 – Cycling capability of ultra-thin VO2-B nanowires run at various rates in lithium triflate in PC. 
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Figure 8.26 – Cycling capability of ultra-thin VO2-B nanowires run at various rates in LiBOB in PC. 
 
Figures 8.24, 8.25 and 8.26, show how ultra-thin VO2-B nanowires 
perform in electrolytes that do not allow the production of hydrofluoric 
acid.  The load curves in each instance have a very similar shape, 
although the discharge capacities do change.  The discharge capacity is 
lower for lithium triflate in PC with the capacities for LiBOB and LiPF6 
in PC being almost identical, figure 8.24.  This figure shows that in terms 
of 1st discharge capacity, the solvent is more important than avoiding HF 
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production, since LiPF6 in EC/DMC has a higher capacity than LiPF6 or 
lithium triflate or LiBOB in PC. The variations of discharge capacity with 
rate and cycle number in the two electrolytes are compared in figures 
8.25 and 8.26.  Lithium triflate gives rise to considerably lower discharge 
capacities (by 20%) and also lowers the rate capability as can be observed 
by the capacity of a cell run at 200mA/g after 20 cycles (50mAh/g).  The 
performance in LiBOB in PC is much better, with discharge capacities 
being almost identical to those achieved in LiPF6 in PC and very little 
fade being observed.  The performance is no better than in LiPF6 in PC, 
confirming our conclusion that HF does not have a significant effect on 
performance either in terms of discharge capacity or on fade.  
 
8.6 – Evolution of Structure and Morphology with Electrochemical 
Cycling 
 
The structure and morphology of the standard and the ultra-thin VO2-B 
nanowires was examined on cycling. 
 
8.6.1 – Morphology 
 
Transmission electron microscopy was used to examine the morphology 
of these materials during cycling. 
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Figure 8.27 – Electron micrographs at various stages of cycling of standard VO2-B nanowires. From left a) after 1 discharge b) 
after 1 cycle and c) after 150 cycles and finish on discharge. 
 
 
Figure 8.28 – Electron micrographs at various stages of cycling of ultra-thin VO2-B nanowires. From left a) after 1 discharge b) 
after 1 cycle and c) after 200 cycles and finish on discharge. 
 
The morphology of both the standard and the ultra-thin VO2-B nanowires 
remains unchanged despite prolonged cycling, as can be seen in figures 
8.27 and 8.28.  After a large number of cycles, both of these materials 
still exist as nanowires and with similar dimensions. 
 
8.6.2 – Structure 
 
The crystal structure of these materials during cycling was investigated 
using powder x-ray diffraction and electron diffraction.  The PXRD 
patterns shown in figures 8.29 and 8.30 have a high background which 
was obtained due to the glass slide substrate on which the sample was 
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mounted and due to the small amount of sample obtained from the 
electrochemical cell.  Fluorescence from vanadium made it necessary to 
collect PXRD data on a reflection geometry setting with an analysing 
micrometer.   However, the main peaks can still be seen in both cases, 
showing that the basic VO2-B structure is retained throughout cycling.  
These patterns also indicate that similar behaviour is observed for the 
standard and the ultra-thin nanowires.  The electron diffraction images 
revealed more information, but again showed similar behaviour for the 
standard and ultra-fine nanowires.  These show that the VO2-B structure 
is retained at all stages of cycling.  However, as lithium is intercalated, 
the unit cell expands along the c-axis and contracts on lithium removal.  
There is also evidence for the formation of a small amount of VO2-A 
during cycling (up to 10% in the standard nanowires and 20% in the 
ultra-fine nanowires). The transition from VO2-B to VO2-A is known to 
occur when VO2-B is heated or subjected to pressureii.   However, in 
general, the structure changes very little as lithium is repeatedly inserted 
and removed.  The invariance of structure and morphology with cycling 
adds further evidence in support of the electrochemistry being influenced 
by surface interactions between the sample and the electrolyte.  This 
could be confirmed by the use of A.C. impedance. 
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Figure 8.29 – PXRD images of standard VO2-B nanowires at various stages of cycling and electron diffraction images taken at 
2V (B). 
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Figure 8.30 – PXRD images of ultra-thin VO2-B nanowires at various stages of cycling and electron diffraction images taken at 
2V (B). 
 
This chapter has described the synthesis and characterisation of VO2-B 
standard and ultra-thin nanowires. This represents the first report of ultra-
thin VO2-B nanowires.  These nanowires have a diameter of 2–5nm and 
are amongst the narrowest oxide nanowires ever made by a hydrothermal 
method. The electrochemistry of this material demonstrates that a 
capacity of 300mAh/g at a rate of 10mA/g in electrolyte LiPF6 in 
EC/DMC may be obtained.  Lower capacities, but greater capacity 
200 
110 
 174
retention is achieved in other electrolytes.  There is also evidence to 
suggest that there is some form of reaction between the surface and the 
electrolyte, which could be confirmed with the use of A.C, impedance, 
which limits the commercial usefulness of these materials.  
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Chapter 9 – Macroporous Co3O4 
 
9.1 – Background 
 
In previous chapters 1D nanomaterials were examined as potential 
electrode materials for rechargeable lithium batteries. Their advantages 
are a high surface area in contact with the electrolyte, short diffusion 
distances (both due to the size of the particles) and the permanence of 
good particle contact (due to the 1D morphology)  Macroporous materials 
present an interesting alternative.  Each particle is composed of pores in 
the range of 50 – 500nm with walls less than 500nm and high surface 
areas. These thin walls ensure short diffusion distances and high surface 
area, although generally smaller than for nanoparticles, which ensures 
good contact with the electrolyte and the morphology ensures good 
particle contact151. This field has attracted much attention and initial work 
has shown that this porous and open structure gives benefits in discharge 
capacity, especially at higher rates152.  Stein and his group first prepared 
macroporous materials153.  They have since showed that a wide range of 
compounds, such as SnO2 and TiO2154 can be synthesised in macroporous 
form, as well as several battery electrode materials including LiNiO2155.   
 
It has been shown that a range of transition metal compounds (oxides, 
sulphides and nitrides) can act as anodes in rechargeable lithium batteries 
if conversion reactions are considered and understood.  In the case of 
Co3O4, the reaction is; Li + Co3O4 → Li2O + Co. The resulting product is 
                                                 
151 M. Antonietti and G. Ozin, Chemistry: A European Journal, 2004, 10, 28. 
152 J. Sakamato and B. Dunn, Journal of Materials Chemistry, 2002, 12, 2859. 
153 B. Holland, C. Blanford and A. Stein, Science, 1998, 281, 538. 
154 J. Lytle, H. Yan, N. Ergang, W. Smyrl and A. Stein, Journal of Materials Chemistry, 2004, 14, 
1616. 
155 H. Yan, S. Sokolov, J. Lytle, A. Stein, F. Zhang and W. Smyrl, Journal of the Electrochemical 
Society, 2003, 150 (8), A1102. 
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composed of cobalt nanoparticles embedded in a lithium oxide matrix.  
On reverse, lithium metal is recovered and CoO is formed and after this 
the reaction is reversible156.  One problem with such conversion reactions 
is that their kinetics are slow.  In this chapter, we investigate whether 
forming Co3O4, the oxide with the highest capacity to date using a 
conversion reaction, as a macroporous solid would alter its 
electrochemical properties. 
 
9.2 – Synthesis 
 
An ordered array of polystyrene spheres of identical size (400nm 
diameter) was prepared by evaporating the solvent from the spheres 
(supplied by polymer labs) at low temperatures (≤20°C). The low 
temperatures used ensured good packing of the template.  
 
The synthesis followed the basic principles set out by Steinv for other 
metal oxides. The macroporous Co3O4 was prepared by soaking the 
ordered array in a solution of cobalt acetate (4g in 25ml of methanol) 
overnight.  This was then dried and soaked in an oxalic acid solution 
(1.6g in 20ml ethanol) for 5mins, before being dried overnight and then 
heated to 300°C for 5hrs (heating rate = 2°C/min).   
 
This synthesis was found to be very sensitive to heating and to heating 
rate.  Excessive heating and high heating rates resulted in the destruction 
of the macroporous morphology and gave bulk material instead. 
 
 
                                                 
156 M. Thackeray, S. Backer and T. Adendorff, Solid State Ionics, 1985, 17, 175. 
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9.3 – Characterisation 
 
The morphology and structure of these interesting materials was 
characterised using a number of techniques. 
 
9.3.1 – Morphology 
 
Scanning electron microscopy (SEM) was used to characterise the 
morphology of both the template and the resulting macroporous 
materials. 
 
Figure 9.1 – SEM image of the template made from polystyrene beads of diameter 400nm. 
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Figure 9.2 – SEM images of Co3O4. 
 
 
As can be seen from figures 9.1 and 9.2, the template is composed of 
well-ordered polystyrene spheres, which pack to form a cubic close-
packed structure.  When soaked in the precursor solution, the pores are 
filled with the acetate and then with the oxalic precipitate after the 
addition of the oxalic acid.  After heating, Co3O4 is formed giving a well-
ordered macroporous structure with pores in the region of 400nm.  The 
walls of this material are around 50nm thick.  This gives the material with 
a unique porous morphology and a large surface area (208m2/g).  As can 
be seen in figure 9.2, the morphology was uniform throughout the 
sample. 
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9.3.2 – Structure 
 
PXRD was used to confirm the crystal structure of these materials. 
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Figure 9.3 – PXRD comparing bulk and macroporous Co3O4.  
 
As can be seen from figure 9.3, macroporous Co3O4 has been successfully 
prepared for the first time. The peaks in each of the patterns are 
considerably broader for the macroporous material than for the bulk 
material.  This is consistent with the walls of the macroporous material 
being less then 500Å.  ICP measurements confirmed the chemical 
composition as being Co3O4. 
 
9.4 – Electrochemical Performance of Macroporous Co3O4 
 
Macroporous Co3O4 was mixed with super s carbon and kynar (75:18:7 
weight percent) in a Tetrahydrofuran slurry. This was cast onto copper 
sheet and cut into a disk of diameter 13mm and with weight of active 
material no more than 5mg.  This was then incorporated into a coin cell 
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along with a lithium electrode and a liquid electrolyte (1M LiPF6 in 
EC/DMC 1:1). 
 
9.4.1 – Voltage Versus Composition on First Cycle. 
 
Macroporous and bulk Co3O4 were subjected to one cycle at a rate of 
100mA/g.  The results are shown in figure 9.4. 
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Figure 9.4 – Load curves of cycle 1 of macroporous and bulk Co3O4. 
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Figure 9.5 – Incremental curves of cycle 1 of macroporous and bulk Co3O4. 
 
The shape of the two curves is similar with the charge and discharge 
plateaux at similar voltages. However, the discharge capacity of the 
macroporous material was higher than that for the bulk material 
(1500mAh/g compared with 1100mAh/g). The extra capacity is 
associated with the sloping region of the curve.   The capacities 
associated with the plateaux are almost identical.  The plateau arises from 
the conversion reaction, whereas the sloping area at lower voltage is 
associated with the reversible film formation on the surface.  The higher 
surface area of the macroporous material is consistent with an increase in 
the capacity at lower voltage. Charging occurs mainly between 2 and 
2.25V and not all the capacity is recovered in either material.  The peak at 
1.2V, figure 9.5, is associated with the main plateaux in figure 9.4 on 
discharge. The smaller peak at 1.25V in the macroporous material is 
associated with the shorter plateaux and is caused by an insertion reaction 
of lithium into the Co3O4 and is consistent with Co3O4 with high surface 
areas or run at low rates7. 
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9.4.2 – Voltage Versus Composition at Various Rates 
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Figure 9.6 – Load curves of cycle 1 of Macroporous Co3O4 run at various rates. 
 
The material cycles well with curves of a similar shape, at all rates, to 
those seen previously.  All plateaux are in the same position regardless of 
the rate run at and the polarisation changes little during cycling, figure 9.6 
Capacity retention at higher rates is good (73% when increasing the rate 
from 50mA/g to 500mA/g). It should be noted that the plateaux have 
similar capacities at all rates and all fade is during the film formation 
(sloping area at lower voltage).  This may indicate that only the film 
formation is rate dependent and results in irreversible capacity on the first 
cycle decreasing with increased rate. Polarisation changes little with 
increased rate, possibly indicating that there are different pathways 
followed for the charging and discharging process. The feature at 1.25V 
also disappears with increasing rate, presumably due to the intercalation 
reaction not being able to compete with the conversion reaction at higher 
rates.  This pattern is also observed with the bulk material7. 
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9.4.3 – Elucidation of Morphology 
 
The morphology of material on the first cycle was investigated using 
TEM. 
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Figure 9.7 – TEMs of Co3O4 Macroporous after discharge to 1.25V (A). 
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Figure 9.8 - TEMs of Co3O4 Macroporous after discharge to 1V (B). 
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Figure 9.9 - TEMs of Co3O4 Macroporous after one cycle (C). 
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As can be seen in figures 9.7, 9.8 and 9.9, the macroporous morphology 
quickly breaks down on discharge.  At A (1.25V), there is still evidence 
of macroporous morphology, but after this point the morphology breaks 
down completely. At full discharge (B - 0.1V), the macroporous 
morphology has disappeared completely and is replaced by the 
nanocomposite cobalt metal nanoparticles imbedded in the Li2O matrix. 
From here on a conventional reaction occurs. 
 
9.4.4 – Elucidation of Structure 
 
The elucidation of the crystal structure, using PXRD, on the first cycle is 
shown in figure 9.10. 
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Figure 9.10 – Powder XRD of macroporous Co3O4 at various stages of cycling. * = LixCo3O4, + = Li2O and ^ = Co 
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The additional peaks from the sample at point A are associated with the 
LixCo3O4 phase as seen by Tarascon157.  This is basically still a spinel 
with cubic close packed oxide ions and Co2+ ions displaced from the 
octahedral sites.  This is a topotactic reaction and this is consistent with 
the evidence of a nanocomposite structure at A. At the end of discharge 
(B), there is evidence of Li2O and cobalt metal.  On charging to point C, 
the powder X-ray diffraction peaks are very weak, however electron 
diffraction confirms the formation of CoO as seen previously for bulk 
Co3O4vii, i.e. the system does not return to Co3O4, but instead to CoO. The 
second and subsequent cycles all involve CoO being reduced to Co and 
Li2O and the reverse reaction.   
 
9.5 – Electrochemical Performance During Subsequent Cycles 
 
9.5.1 – Voltage Versus Composition 
 
The performance of the material over many cycles is examined. 
                                                 
157 D. Larcher, G. Sudant, J. Leriche, Y. Chabre and J. Tarascon, Journal of the Electrochemical 
Society, 2002, 149 (3), A234. 
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Figure 9.11 – Load curves of Macroporous Co3O4 run at a rate of 100mA/g. 
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Figure 9.12 – Incremental curves of macroporous Co3O4 run at a rate of 100mA/g. 
In both the load curves and the incremental plots, figures 9.11 and 9.12, 
there is a significant change between the first and second cycles with 
lower capacity on subsequent cycles and changes in peak position and 
intensity.  This is in accord with the structural and morphological changes 
that take place on the first cycle. In particular, the breakdown of the 
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macroporosity reduces the surface area and reduces the capacity 
associated with the film formation (sloping region of curve below 1V). 
After these changes have occurred, the incremental plots and load curves 
are similar for subsequent cycles, indicating no further structural change. 
 
9.5.2 – Discharge Capacities at a Range of Rates 
 
The material was cycled galvanostatically and discharge capacities are 
reported in figures 9.13 and 9.14.  There is a significant drop in capacity 
on the first cycle, as noted above; this is due to the reduced macroporosity 
and hence surface area.  The macroporous material has higher capacity 
than the bulk material due to the higher surface area.  It also rises and 
falls in capacity.  This behaviour is associated with the increasing 
efficiency of the conversion reaction and is often seen in nanoparticle 
Co3O4 when cycled.  This is as expected as the macroporous material has 
been shown to break down into nanoparticles. 
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Figure 9.13 – Discharge and Charge Capacities of Co3O4 run at a rate of 100mA/g. 
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Figure 9.14 – Discharge capacities of macroporous Co3O4 run at various rates. 
 
Increasing the rate increases the capacity fade after several cycles.  This 
behaviour has also been noticed in nano Co3O4vii.  
 
This chapter reports the first synthesis of macroporous Co3O4 and has 
shown that this material gives exciting performance in rechargeable 
lithium batteries with high capacities (up to 1500mAh/g), which must 
make it a commercial prospect. 
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Chapter 10 – Li/O2 Cells 
 
10.1 – Background 
 
The positive electrode is the main factor limiting energy storage in 
rechargeable lithium batteries.  In the case of the most common positive 
electrode, LiCoO2, this can store only 130 – 150mAh/g158. Syntheses of 
new intercalation compounds are likely to double these capacities. 
Therefore to further increase the capacity, a different approach is needed 
for the next generation of rechargeable lithium batteries. 
 
One approach involves dispensing with the positive electrode and 
reacting lithium with O2. This could give theoretical capacities up to ten 
times greater than those obtained from LiCoO2.  Air cathodes are already 
used in several primary batteries including Zn/air159 and Al/air160.  A few 
studies have also examined the use of air cathodes in lithium batteries, 
but the vast majority have focussed on primary batteries.  Work by 
Abraham showed that the Li/O2 cell could exhibit reversibility and that 
Li2O2 was the main discharge product161.  Read later showed that the 
Li/O2 cell delivered better performance with the addition of a catalyst162.   
 
Previous work in the Bruce group163 has shown that by using 
electrochemical manganese dioxide (EMD), figure 10.1, as the catalyst, 
the Li/O2 cell can cycle sustainably for many cycles, with only a limited 
                                                 
158 G. Nazri and G. Pistoia, Lithium Batteries, Kluwer, London, 2004. 
159 D. Linden, Handbook of Batteries and Fuel Cells, McGraw-Hill, New York, 1984. 
160 S. Zaromb, Journal of the Electrochemical Society, 1962, 109, 1125. 
161 K. Abraham and Z. Jiang, Journal of the Electrochemical Society, 1996, 143(1), 1. 
162 J. Read, Journal of the Electrochemical Society, 2002, 149 (9), A1190. 
163 T. Ogasawara, A. Debart, M. Holzapfel, P. Novak and P. Bruce, Journal of the American Chemical 
Society, 2006, 128, 1390. 
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amount of fade.  In this chapter, this is further investigated and other 
catalysts are examined for better performance. 
 
 
Figure 10.1 – Diagram of the crystal structure of EMD. 
 
10.2 – The Li/O2 Cell 
 
Cells, based upon a swagelok design, were constructed to investigate the 
Li/O2 battery, see chapter 2 for details.  The cells were composed of a 
lithium metal anode, an electrolyte (1M LiPF6 in propylene carbonate 
(PC)) soaked in glass fibre pads and a porous cathode.  The cathode was 
formed by casting a mixture of Super P carbon, kynar (binder), PC and 
catalyst (weight ratio (%) =11:15:55:19) on to glass and then cutting a 
disk of 13mm diameter.   The PC induces porosity and it is these pores 
that the electrolyte will fill later. An aluminium grid current collector was 
placed on top of the cathode and the cell was operated in an O2 filled 
chamber.  The cell was gas tight, apart from the aluminium grid window, 
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which allowed O2 to enter the electrolyte thought the cathode.  Cells were 
then galvanostatically cycled at 30°C. 
 
 
10.2.1 – Mechanism of Reaction 
 
A previous studyiv had suggested that on discharge the main product is 
Li2O2, equation 10.1. To confirm this suggestion, cells were dismantled at 
appropriate stages and investigated by PXRD and Raman spectroscopy. 
 
2Li + O2 ↔ Li2O2 E° = 2.9V 
Equation 10.1 – Mechanism of reaction of Li/O2 cells.  
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Figure 10.2 – XRD of Li/O2 cells after one discharge. 
 
The PXRD pattern of the Li/O2 cell after discharging (1900mAh/g) is 
shown in figure 10.2, No peaks of Li2O2 are evident.  The peaks of the 
unaltered catalyst (in this case Co3O4) can be seen, as can peaks at 
approximately 25° and 35° 2θ.  As discussed later, these two peaks are 
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thought to originate from decomposition of PC164.  The observed Li2O2 in 
the PXRD may have been of small particle size and therefore not 
detected. Raman spectroscopy was used to examine this reaction and to 
detect the presence of Li2O2. 
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Figure 10.3 – Raman spectrum of Li/O2 cell after one discharge. 
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Figure 10.4 – Raman spectrum of Li/O2 cell (corrected for background) after one discharge over smaller frequency range. 
 
The Raman spectrum was collected in an airtight holder, which involved 
a pellet of the electrode being covered with nail varnish.  This spectrum, 
figures 10.3 and 10.4, clearly shows, despite the background from the nail 
                                                 
164 M. Herstedt, A. Andersson, H. Rensmo, H. Siegbahn and K. Edstrom, Electrochimica Acta, 2004, 
49, 4939. 
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varnish, that Li2O2 is present in the discharged battery cathode, thus 
indicating that the mechanism suggested earlier, equation 10.1, is correct.  
This correlates with previous work in the Bruce groupvi, which showed 
that Li2O2 added to cells which were then charged, resulted in the 
decomposition of the Li2O2.  
 
 
10.2.2 – Increased Pressure 
 
During discharge, the Li2O2 is believed to fill the pores of the cathode.  
As a result, the particles of the cathode may be pushed apart resulting in 
disconnections.  Extra pressure on the cathode could help to avoid this 
process and is known to benefit commercial lithium ion cells.  To 
investigate the effects of pressure, cells were operated with and without 
springs.  The results are shown in figures 10.5 and 10.6. 
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Figure 10.5 – First load curves of Li/O2 cells with an EMD catalyst, with and without a spring, at a rate of 70mA/g.  Capacities, 
as elsewhere are per gram of carbon. 
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Figure 10.6 – Discharge capacities of Li/O2 cells with an EMD catalyst, with and without a spring, run at a rate of 70mA/g. 
 
The addition of a spring has increased the capacity (1300mA/g compared 
with 1000mA/g) and has lowered slightly the charging plateau.  We 
assume that the improved performance is due to the reasons discussed 
above. A feature at 2.8V also became more pronounced.  This feature is 
thought to correspond to capacity from the EMD, which is an 
intercalation host for lithium. Based on the load curves, we conclude that 
intercalation into EMD contributes 30 to 50mAh/g at most to the capacity 
and only on the first cycle, since intercalation into EMD is not reversible. 
The reason for the increased prominence with the spring is unclear, but 
we believe that it may also be due to increased particle contact. The 
increased capacity with the spring continues in subsequent cycles, with 
little change in fade, as can be seen in figure 10.6.  As the spring 
increased the capacity with no adverse effects, it was used for all further 
tests. 
 
10.2.3 – Differences in Thickness 
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The thickness of the cathode disk was varied in an attempt to see if this 
affected the cell performance. The results are shown in figures 10.7 and 
10.8. 
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Figure 10.7 – First load curves of Li/O2 cells with an EMD catalyst cathode of varying thickness, run at a rate of 70mA/g. 
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Figure 10.8 – Discharge capacities of Li/O2 cells with an EMD catalyst cathode of varying thickness, run at a rate of70mA/g. 
 
The thinner electrodes yielded a higher capacity (1300mAh/g compared 
to 1100mAh/g).  This increase in discharge capacities was also continued 
during subsequent cycles as can be see from the discharge capacities, 
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figure 10.8.  Therefore every attempt was made to keep the cathode disk 
of a uniform thickness and as thin as was easily cast (0.3mm). 
 
10.3 – Catalysts 
 
Having established the optimum physical conditions for electrode 
thickness and by adding pressure, the idea of the catalyst type was 
investigated. 
 
It is well know that the catalyst plays an important role in oxygen 
reduction.  The process of oxygen reduction involves two steps.  First the 
reduction of O2 to O2- or O22-, followed by cleavage of the oxygen to 
oxygen bond.  In aqueous O2 reduction, species such as HO2 and OH- are 
involved165. Although it is generally thought that the catalyst is 
responsible for assisting the cleavage of the oxygen to oxygen bond, the 
fact that EMD enhances the discharge and charge capacities of an 
electrode reaction involving the formation of Li2O2 (i.e. no oxygen to 
oxygen bond cleavage) means that, at least for the non-aqueous case, the 
catalyst assists with both the reduction of O2 to O22- and its subsequent 
oxidation. 
 
Several catalysts were investigated, with the rest of the parameters; 
composition, pressure, thickness of the electrode, etc, all remaining the 
same throughout. 
 
 
 
 
                                                 
165 E. Yeager, Electrochimica Acta, 1984, 29 (11), 1527. 
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10.3.1 – Co3O4 
 
The spinel Co3O4 (Aldrich 99%) was incorporated into the porous 
electrode. The catalyst particle size was approximately 1μm. 
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Figure 10.9 – First load curves of Li/O2 cells cycled at a rate of 70mA/g with a Co3O4 catalyst and with an EMD catalyst. 
 
The load curves comparing Co3O4 and EMD catalysts for the first cycle 
are shown in figure 10.9.  Co3O4 exhibits a greater capacity (2000mAh/g 
compared to 1300mAh/g) but otherwise the discharge and charge 
plateaus occur at similar voltages (2.6V and 4V).  The load curves over 
several cycles, figure 10.10, show that both the charge and discharge 
plateaus increase with cycling.  This trend is noticed in many catalysts, 
indicating that the electrochemical process is changing slowly over 
several cycles. 
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Figure 10.10 – Several load curves of a Li/O2 cell cycled at a rate of 70mA/g with a Co3O4 catalyst. 
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Figure 10.11 – Discharge Capacities of Li/O2 cell cycled at a rate of 70mA/g with a Co3O4 catalyst and with an EMD catalyst. 
 
Discharge capacity versus cycle number is examined in figure 10.11. It 
can clearly be seen that Co3O4 has a considerably greater discharge 
capacity than the EMD throughout.  This is due to Co3O4 being a more 
efficient Li2O2 formation/decomposition catalyst than EMD. The rate of 
fade is similar to that of EMD over 25 cycles (2.3% per cycle compared 
to 2.7%), suggesting that the fade is due to a process common to both. 
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10.3.2 – αMnO2 Nanowires 
 
αMnO2 is an open polymorph of MnO2, which has edge sharing MnO6 
octahedra, that form 2 by 2 channels, figure 10.12.  By employing a 
hydrothermal synthesis166, the αMnO2 is formed as nanowires (roughly 
50nm in diameter and up to several μm in length).  The material was 
incorporated into a porous cathode as described previously.  
 
 
 
Figure 10.12 – Diagram of the crystal structure of αMnO2. 
 
 
 
 
                                                 
166 Y. Gao, G. Wang, J. Wan, G. Zou and Y. Qian, Journal of Crystal Growth, 2005, 279(3-4), 415. 
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Figure 10.13 – First load curves of Li/O2 cells cycled at a rate of 70mA/g with a αMnO2 nanowires and EMD catalyst. 
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Figure 10.14 – Discharge Capacities of Li/O2 cells cycled at a rate of 70mA/g with a αMnO2 nanowires catalyst and with an 
EMD catalyst. 
 
The first charge and discharge curves for αMnO2 nanowire are compared 
with those for EMD as a catalyst in figure 10.13. The discharge voltages 
are similar in each but the charging voltage is reduced for the αMnO2 to 
3.7V, illustrating that the catalyst may change the polarisation or that the 
charge process may be different for each catalyst. The discharge capacity 
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for αMnO2 nanowires is much greater than for EMD (2800mAh/g 
compared to 1300mAh/g), indicating that αMnO2 nanowires are a more 
efficient Li2O2 formation/decomposition catalyst than EMD. The 
discharge capacities of αMnO2 nanowires and of EMD are compared, 
figure 10.14, and show that although αMnO2 nanowires have a much 
larger initial capacity, the much greater rate of fade (3.4% per cycle 
compared to 2.3%) means that after 25 cycles, the capacities achieved are 
similar. 
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Figure 10.15 – Several load curves of Li/O2 cell cycled at a rate of 70mA/g with a αMnO2 nanowires catalyst. 
 
The load curves over several cycles, figure 10.15, show several 
differences between the first and subsequent cycles.  Discharge capacity 
increases from the first to the second cycle and then declines thereafter.  
Later cycles also have higher discharge and charge plateaux than the first 
cycle suggesting that the difference in the charge plateaux between EMD 
and αMnO2 nanowires may not be kinetic. 
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Figure 10.16 – Discharge Capacities of Li/O2 cells with a αMnO2 nanowires catalyst run at various rates. 
 
 
The capacities at a range of rates are examined in figure 10.16. The 
change in the capacities with increasing rate from 70mA/g to 200mA/g is 
as expected, with higher rates resulting in lower capacities with broadly 
similar levels of fade.   The results for cycling at 50mA/g is different, 
with high initial capacities and very rapid fade.  It is not clear why such a 
change results from reducing the rate from 70mA/g to 50mA/g.  Greater 
fade at lower rate may signal decomposition processes that are more 
severe due to the greater time per cycle.  Another possible explanation is 
that the very high capacity may lead to such complete pore filling with 
Li2O2 that it pushes the carbon particles further apart, leading to 
disconnections.  
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10.3.3 – CoFe2O4 
 
CoFe2O4 is a ternary oxide with a spinel structure. This material was 
prepared by a solid-state reaction (Cobalt acetate + iron nitrate heated at 
900°C under air for 12 hours) and was found to have a particle size of 
approximately 500nm. 
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Figure 10.17 – First load curves of a Li/O2 cell cycled at a rate of 70mA/g with a CoFe2O4 catalyst and with an EMD catalyst. 
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Figure 10.18 – Several load curves of a Li/O2 cell cycled at a rate of 70mA/g with a CoFe2O4 catalyst. 
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The first discharge/charge curves comparing EMD and CoFe2O4, figure 
10.17, show that the capacities and discharge voltages are very similar 
(1300mAh/g compared to 1250mAh/g), but the CoFe2O4 has a higher 
charging potential (4.4V compared with 4.0V). This change in plateau 
shows that the mechanism of charging changes with the catalyst used.  
The final difference is the lack of feature at 2.8V on discharge, further 
confirming that this feature is due to lithium intercalation into the EMD.  
Looking now at the load curves for several cycles, figure 10.18, it can be 
seen that the electrochemical process changes very little with cycling, 
with the only change being a decrease in discharge capacity.  
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Figure 10.19 – Discharge Capacities of Li/O2 cells cycled at a rate of 70mA/g with a CoFe2O4 catalyst and with an EMD catalyst. 
 
The discharge capacities for cells with CoFe2O4 and EMD catalysts are 
compared, figure 10.22, and it may be seen that although EMD has a 
slightly higher capacity for the first 10 cycles, thereafter CoFe2O4 fades at 
a slower rate (1.9% per cycle compared to 2.3% per cycle) and achieves 
higher capacities.  After 25 cycles, CoFe2O4 has a capacity of 600mAh/g 
compared to 400mAh/g for the EMD.  Thus CoFe2O4 is a useful catalyst 
as it gives a good compromise between capacity and retention. 
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10.3.4 – Other Catalysts 
 
A variety of other catalysts were also investigated and their performance 
is summarised in table 10.1. They were all shown to perform poorly.  
Some of the catalysts had high discharge capacities for one or two cycles, 
but in later cycles they show severe loss of capacity in all cases. 
 
 
Material 1st Cycle 
Discharge 
Capacity 
(mAh/g) 
2nd Cycle 
Discharge 
Capacity 
(mAh/g) 
10th Cycle 
Discharge 
Capacity 
(mAh/g) 
Fe2O3 3000 2750 100 
TiO2-B 
nanowires 
2700 2500 400 
 
KMnO4 2200 2100 100 
 
 
Platinum Metal 1800 1700 100 
Cu Metal 1600 1400 100 
Cu2Mn3O8 1400 1300 100 
Cobalt 
Phyalocyanine 
1400 1000 100 
La1-xSrxMnO3 1400 1000 100 
Cobalt 
Porphyrin 
500 100 100 
 
Table 10.1 – Illustrating performance of other catalysts used in air batteries. 
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Platinum and La1-xSrxMnO3 were included as examples of very successful 
O2 reduction catalysts for fuel cells167.  The cobalt phalocyanine and 
porphyrin are also successful O2 reduction catalysts.  However, despite 
being successful catalysts for similar processes elsewhere, these catalysts 
did not significantly improve performance for this application. 
 
10.4 – Causes of Fade 
 
One thing that all the cells had in common was a greater rate of fade than 
would be desirable.  The fact that this occurred, irrespective of the 
catalyst, indicated that this was something common to all Li/O2 cells.  It 
was also noticed that upon dismantling, there was no electrolyte left and a 
white powder was left in its place.  This powder was further investigated 
by a number of techniques after the cells were dismantled under argon.  
PXRD gave several broad peaks, which was not enough to characterise 
the powder.  Initial test using mass spectrometry gave the M+ ion with an 
identical mass to PC.  NMR (the powder was dissolved in D2O) studies 
are also at an early stage, but gave peaks that can be identified as a PC 
decomposition product.  These studies are at an early stage and have not 
been completed, but would appear to indicate that the fade is due to PC 
decomposing over time.  Therefore other electrolytes must be 
investigated if this system is to be used commercially. 
 
Practical cells of similar construction to these may be a long way off; the 
present results, combined with the larger capacities theoretically 
obtainable with O2 electrodes make this an important area for 
investigation. 
 
                                                 
167 L. Jorissen, Journal of Power Sources, 2006, 155 (1), 23. 
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Chapter 11 – Summary and Conclusions 
 
11.1 – TiO2 Nanomaterials 
 
11.1.1 - Synthesis and Characterisation of TiO2-B Nanomaterials 
 
Nanowires and nanotubes of TiO2-B have been prepared for the first time.  
They were synthesised by a low temperature hydrothermal reaction, 
followed by ion exchange for hydrogen and then a heat treatment, which 
produced materials in high quality and in high yield (95%+).  These 
materials have been shown to have the TiO2-B crystal structure168 by 
PXRD and Raman spectroscopy.  The nanowires have a diameter of 20 – 
50nm and can be up to several micrometers in length, while the 
nanotubes have an internal diameter of 8nm, an external diameter of 
10nm and a length of up to several hundred nanometres. 
 
11.1.2 – Electrochemistry of TiO2-B Nanomaterials 
 
TiO2-B nanowires and nanotubes were investigated as anode materials in 
rechargeable lithium batteries.  They were found to be excellent 
intercalation hosts for lithium (0.98Li for the nanotubes and 0.89Li for 
the nanowires).  Both the nanotubes and the nanowires possessed superior 
rate capabilities to the TiO2-B bulk material, even at the highest rates.  At 
a rate of 2000mA/g, the nanowires could store 100mAh/g and the 
nanotubes 80mAh/g.  The capacity on cycling was superior to that of 
TiO2-B nanoparticles, with similar size of diameter as the nanowires. 
After an irreversible capacity loss on the first cycle, which could be 
                                                 
168  T. Feist and P. Davies, Journal of Solid State Chemistry, 1992, 101¸275. 
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reduced to 4% for the nanowires, capacity retention for the nanowires 
was 99.9% and for the nanotubes was 99.5% per cycle. Investigations 
were carried into the electrochemical process and it was shown that no 
significant change occurred in the morphology or structure during cycling 
and that no SEI layer was formed.  PXRD and neutron studies showed 
that lithium was intercalated into two sites and that this was partly 
responsible for the observed irreversible capacity.   
 
11.1.3 – Other Titanium Oxide Nanomaterials 
 
Nanotubes and nanowires (similar dimensions to those of TiO2-B 
nanomaterials) with the anatase crystal structure were prepared by a 
method similar to that of the TiO2-B nanomaterials. The difference being 
the use of the of higher temperature 600°C instead of 400°C.  These 
materials were also found to perform well in rechargeable lithium 
batteries accommodating 0.81Li for the nanotubes and 0.75Li for the 
nanowires.  There was an irreversible capacity loss on the first cycle of 
23% for the nanowires and 16% for the nanotubes, and afterwards 
capacity retention for the nanowires and the nanotubes was 99.4% per 
cycle. The electrochemical process was shown to be similar to that of 
bulk anatase169 when lithium is intercalated.  Again, no change was 
observed in the morphology during cycling. 
 
Hydrogen titanate nanotubes and nanowires of similar dimensions were 
synthesised by not heat-treating the material after the acid washing.  
These materials were found to give much lower discharge capacities 
                                                 
169  M. Wagemaker, G. Kearley, A, Van Well, H. Mutka and F. Mulder, Journal of the American 
Chemical Society, 2003, 125, 840. 
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(240mAh/g for the nanotubes and 150mAh/g for the nanowires) and 
exhibited greater levels of fade during cycling.   
 
11.2 – VO2-B Nanowires 
 
11.2.1 – Synthesis and Characterisation 
 
VO2-B nanowires were synthesised by mixing V2O5 with ethylene glycol 
and water and then heating the mixture hydrothermally170.  By altering 
the amount of water in the hydrothermal reaction, the diameter of the 
nanowires could be altered.  TEM studies showed that nanowires could 
be formed with diameters of 50 – 100nm or with a diameter of around 
5nm.  These are some of the narrowest nanowires that have been 
prepared.  PXRD and electron diffraction were used to confirm the crystal 
structure. 
 
11.2.2 – Electrochemistry 
 
Both the standard and ultra-thin nanowires were investigated as 
electrodes in rechargeable lithium batteries, with the ultra-thin nanowires 
showing a higher capacity than the thicker nanowires (0.84Li compared 
to 0.54Li).  However, the thinner nanowires were found to be partially 
soluble in 1M LiPF6 in EC/DMC. Examining other electrolytes 
demonstrated that the best compromise between capacity and fade was 
found to be 1M LiPF6 in PC.  In this electrolyte, these nanowires could 
intercalate 0.77Li.  In 1M LiPF6 in EC/DMC, the standard VO2-B 
nanowires have a capacity retention of 99.8% and the ultra-thin 
nanowires have 98.4% per cycle, after some irreversible capacity on the 
                                                 
170 W. Chen, J. Peng, L. Mai, H. Yu and Y. Qi, Chemistry Letters, 2004, 33(10), 1366. 
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first cycle.  This was found to improve markedly when 1M LiPF6 in PC 
was used (99.4% for the ultra-thin nanowires). 
 
11.3 – Macroporous Co3O4 
 
11.3.1 – Synthesis and Characterisation 
 
Macroporous Co3O4 was synthesised by impregnating a polystyrene 
template with a precursor solution of cobalt acetate in methanol.  An 
oxalic acid solution was used as a precipitating agent and then the sample 
was heat treated to remove the template and form macroporous Co3O4.  
The crystal structure was confirmed with powder XRD and the 
morphology examined with SEM, which showed that the material was 
uniformly porous with pores roughly 400nm in diameter.  The surface 
area was found to be 208m2/g. 
 
11.3.2 – Electrochemistry 
 
This material exhibited discharge capacities considerably higher than the 
bulk material (1400mAh/g compared to 1100mAh/g) on the first 
discharge. The morphology was shown to break down on the first 
discharge during cycling and gave a conventional Co3O4 cycling 
mechanism171 after this event. 
 
 
 
 
                                                 
171 D. Larcher, G. Sudant, J. Leriche, Y. Chabre and J. Tarascon, Journal of the Electrochemical 
Society, 2002, 149 (3), A234. 
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11.4 – Li/O2 Cells 
 
11.4.1 – Physical Factors 
 
Li/O2 cells offer a route to substantially increase the capacity of lithium 
batteries. On discharge, Li+ and e- react with O2 to form Li2O2, which 
decomposes on charging172.  Raman spectroscopy was used to confirm 
the formation of Li2O2 on discharge.  The influence of varying the 
thickness of the cathode disk and the pressure within the cell were 
investigated and it was shown that thinner cathode disks and increased 
pressure improved the performance of these cells. 
 
11.4.2 – Catalysts 
 
A catalyst is required to make the process reversible.  EMD (a form of 
MnO2) was the best catalyst (1600mAh/g capacity and 2.3% fade per 
cycle) discovered prior to this work6, but αMnO2 nanowires, Co3O4 and 
CoFe2O4 were all found to give better performance either with higher 
capacities (αMnO2 nanowires (2800mAh/g) and Co3O4 (2000mAh/g)) or 
less fade (CoFe2O4 (1.9%)).  
 
11.5 – Further Work 
 
All these nanomaterials are exciting commercial prospects as they give 
high capacities with little fade and are easily and cheaply prepared.  In all 
cases, the performance needs to be optimised and the materials need to be 
trialled in ‘real-life’ rechargeable lithium batteries.   
                                                 
172 T. Ogasawara, A. Debart, M. Holzapfel, P. Novak and P. Bruce, Journal of the American Chemical 
Society, 2006, 128, 1390. 
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For the TiO2 nanomaterials, further study by NMR and EXAFS will 
continue to help understand structural changes.  Carbon coating will also 
continue to be examined. For VO2-B materials, neutron diffraction, 
EXAFS, AC impedance and NMR could be used to help understand the 
dissolution, differences in the shape of the load curves and the existence 
of an SEI layer. 
 
Li/O2 cells are obviously an exciting field, however it would appear that 
the electrolyte used in this case, LiPF6 in PC, limits the performance.  
Therefore other electrolytes and ionic liquids should be examined and the 
future development of these cells carried on with a different electrolyte.  
Changing the porosity of the carbon and changing the catalyst will 
continue to be examined. 
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